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SUMMARY

,Ih4h.odx of eontroll;t_g the h'a.fi'cha+ie._ of high-

drawl low-l(t_ vehiclex enterin(.l the earth',_" atmox-

phere at anglex qf aUack _ear 90 ° al++l at il_itial

et+trg an.qle,_ 'up to --3 ° are studied. 77_e trajectoriex

are cak_alated far vehiclex who,_'e al_gle qf attack can

be: held con._'tallt at some xpec([ied ralue or can be

pe_fi_ctl!t con/rolled as a functioJ_ +!f ,_ome meaxured

quanl_Ol alon(.i the trajectory. 73e results might be

applied in the dexig_ of automatic e+mtrol x!txtemx or

in the +lesig_ qf in,_'trumetdx mhich +rill gh'_, the

human pilot sul_ieient i@,'n+ation t, cmdrol hi._"

trajectorg properl!/ durit_9 an atmospheric e_tr!l.

7)'ajector 9 data are compared on th,e baxix qf the

deceleration, ral_ge , angle qf attack, aml, in ._ome

ca,_'ex, the rate of dexce_t. The aero+h.ll+amh' heat-

lran,_fer rate aml skin lemperalure qf a vehicle with

a ximple heat-xb_k t!Ipe qfxtructure are calculatrd.l}_r

trajectories made with several t!Ipes o.f control

.fum'ti,ms.
_/'}Jr tl+e ra_c(le qf entrg angles con._bhq'ed, 'it ix

.fouml lhal the al+tlle qf altac[c can be controlled t+,

restrict the decelerati<m dou,l_ to an arbitraril!/

chos'e_+ level qf 39. All the c+mlrol j:unctionx tried

are succex.@d M reducing the maximum deceleration

to the desired level, llawever, in order to aroid a

tendencg.for the deceleration to reach an initial peak,

decrease, and then reach a second peak, xome antic-

ipation ix required in the control.fu_+cti+m ._'o that the

change in angle qf attaelc will lead the chm_ge in

decelerations. When the a_gle qf attack _u controlled

in. the aforementioned manner, the mazim.um rate q[

aerodynamic heat tran,_f+.r to the skin ix reduced, lh.e

maximum .@M temperature +!f the veh'icle i+' rirtuall!/

umtJfected, and the t+,t+tl h_+at abxorbed is xlightl!! in-

cr_a._'ed. 77+e im'rraxe in t,tal heat can b_ mini-

mized, hou'e+,_.r, b9 maintai_in 9 th_ maximum dexired

deceleration ./br ax much q[ the. trajector!l as po._,_'ible.

l+)'om an initial a_qlle qf attack qf O0 °, the a_gh-,!f-

attack requiremenlx neceu,s'ar!] to m(titdait+ cot+slant

values of decelerathm ( l g to .{9) and c+mxtatH valaex +![

rale o.[ dexcent (._50 to 1,130 fl/'xcc) ax long as it is

aeroditnamicallg practical ar_, cah'ulated aml are

fouml to be moderate in both magnitudr and rate.

Entr9 trajectories made 'with th_._e t!ipe,_" +!f control

are pr+_sented and di,_.cuxsed.

INTRODUCTION

For the successful re<.c,w, rv c,f salellile and

near-sutellite vehMes il is generally necess,try (o

maintain deceleration and healing within <'erlain

limiting vahws. In addition, it is desirable to be

able 1o predict with reasomdfle 'wcuracv l]w

trajectory and rang(', of (he vehMe. A logiral

means ot' achieving (hese oI)je('lives is 1o ('onI.rol

the trajectory by varyin_ the aero(ly)mmic forces

generaled ,hu'ing entry into (It(, at tnosphere.

At prese)tt, the Nat io)ml Aeromm(ics and SI)a('e

A(hni)fistralion and o(her rese'u'ch agencies are

investigating factors importa)t( to the deveh)p-

merit of sa((,IIi(e v(,hMes _s well as n mtml)er of

general satellite configtm_tio)ts which hohl promise

of achieving desirable and pre(lichd)h, conditions

during (heir return to earth. This Iml)er ,lea ls

with the control of the l)oin(-tnass trajectories

through the earth's at mosl)here of one g(,n(,ra]

class of space vehMes, mmwly, vehich,s whi('h have

a large Ilat-phtle area whMt is main(ained nearly

normal to its flight palh during most of the en(ry.

Supersedes recently declassified NASA Mi,morandum 1-19-59L by Eggleston and Young, 195,(_.
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This class of vehicles ineh.h,s eircuhu'- or della-

wing gliders as well as Cal)sules having bhmt(,d
faces. Methods of (+on/rolling the de('(,h,ralion a,,

and (rajeetot'.v inelttde either varying the angle of
'ff v

attavl,: or maintuhfing il conslant in lhe range near

90 °. l)>v ImtilHainin F l[te aligh, of attacl,: near 9[) °,

_1 ,,.411'(111_ doltl(']l(,d sllo('k. ",,v_lvo is prodt.'e<l ahead a_
of the vehiHe which in (urn dissipates a hu'ge c

per('entage of the etHwffy into the _+.tmospl_ere (_,
with a vonsequenl lower heat irnnsl'er to the

D
vehide itself. By (+haugiug or lnaintaining the

F
angh' of a(ht('k Io vnlu('s smaller thnn 9(/°, a ('ora-
l)Orient of tile resultant aero(Iv)mmi<' force is pro- 9

• h
du('ed normal to the flight path. This lifting
['or('e redu('es the rate of descent into th(' (h,nst, r

H
a! mosphere nnd vonseq uen fly ! he dec(,h'ral ion n))(I

heating that wouht result in this denser
k

nl ntosl)here. K(
The lit'st ('onsideration, that of 1tl_tilltailling' tl

large ratio of wave drag to t'ri('tio)l drag, is an ira-
1+5

• r .-l)orlant rt,su{( rel)orie(_ by +Mh+n and Eggels in
ref('rent'e t. The s(+(.om[ eonsith,ration whi(.h

/G
involves the 1)rodut'tion <)f s)mH] lifl-draF ratios
1o ('onlrol [)(fillt-mass truje('tories has I)e(,n widt, lv

L
recognized as a most logi('a[ Ul)l)roaHt to tr_lje('tory

)'It
('ontrol. Some o1' the effe('ts of a small ('onslant

A l
lift-drag ratio durin F atnmsl)h(,ric entries ;tr('

P
given in t'e['eren(.(, 2. The i)urpose of this 1)Ul)er

is 1() utilize these ('on('t,l)tS und to determine the q

('ll'('<'ts <)I" ,:',:;t_,tr(dli'+)_ (h<' +_¢t+71<",of +t_t+i<'/.:, .r.l Q/xl
hence the lift, as a ['un('tion of the mea:.+urul)h,

i+
trajectory vnrial)les in su('h a ll/ttlltl(w lls to n('ldeve

low levels of (h+t+eleration whi('h will not in('apa('i- r*
title "l hun111n l)ih)t and to minimiz(, lit(, in(.reas(, in

the total tt,nlpet'atllre a11(t the l'altg(' ('Onll)+tred

with that of the zero-lift vast, f()r the Sttllle v(,hi('h,. R

The r(,sults miFht I)e al)pli(,d in th,, design ,)f auto- ._,s'

matt<' ('ontrol S)'S10111S O1" ill the design of illstrtl-

m,,nls whicll would giv(, ih,, ]roman pilot sufli,'i(ml

int'ornmti(m to control his trajetqory prot)erly S
during tilt, entry. ++kstltt aid in a('hieving these

ends studies nre also made of families of (raj,,e- t

tortes in which the angle o1' atla(.k is varied to 7'

maintain one of the flight variabh, s ('onslan(, Tt

tulmelv, either deceleration ()t" l'Me oF (h,s('ent.

Although the assumptions used in the (raje('tory TI*

<'ah'ulations are l)elieved to be adequate to provide

quantitative results, tiw ('ah,ulations o1' tempera- :/'2

lures are otdy quMitative since the ielul)eralure V

over the surfilee of the vehicle will depend on V+

many sl)e(+ia[ized factors of design and material.

SYMBOI, S

(h'(:(,h.ration in (lir('('(io)l of resultant

net'O(|ylllt111i(; for('(' +_'tz

(,omt)onetH o1' ,h,('(,h,ration along flight
1)at h, ]r:[r'/(l

de('el(,ralion along Z-axis o1' v(,hi('h,
speed of sound, / ,_+(dp do )i.<++.tros,ic

}teltt capacity of tnaierial

a(,ro(/yn_uni(' fm'('e ,.oefli(./(,m, 2#)ol':'N
drag, I +'sin a
l'eSllltltlll +)(q'od'+t)amit+ J'ore('

tte(+ehwation (]tl(, to gra:city

r+)+(lial height al)ove sut'l'a('<, (_)I'earth,

r -- i"c

('onsltlllt for (,Xl)()n(,ntial vnrialioI1 of

(h,nsitv

emissivi( y-nl)s(,rl)t ivily I'a<'lor
variation of an_l<, of ,l(a<'k with d('-

('(,h,ration (see ('(I. (20))

variation (11'augl(' of atla('I,: with rat,,

of ('hang(, in (h,(.(,leration (so(,eq+(21))
variation o1' angl(+ of attael,: with

t (!'I11 p('l'lt( Ill'('

lift, 1+,('os <x

mass oi' v(,hiele ll+/.q
Ma('h mmd)t,r l':c

J'r('('-st r('n I)1 pr('sslll'('
I

fr(,t,-slreat)t dynaud(' l)r('ssur,',-_ pV'

heal-flov< rat(, per unit area

radial (listan('(, n1(,astn'(,d front g('o-

graphi('M ('(,hi(q" of (qtrlh
efl'e('tiv(, radius (1t' t(l(al Slll'l'lle(' lit'ca O['

v('hi(_h, normal t.o flow, _S/rr

l)l'rfe('l gas (:ottsttmt for air
p(+H,nt, tri(' distan('e over surfn('e of

earllt trav(,rs(,(l sin(.(, ze.ro lime

(ra))o'(,)
frontal aren of vehich' (assum(,(I (() l)e

(,quivalenti to wing nrca)
lithe

fre(,-st r(,+lln t ('m p(q'a( ttro

vt, hi(ql, skin temp(,ralure has(,,l on
('II_/A of 0.8

v(,hi(q/, skin t(,mperalure based on

CI.V_,.'A of 0.2

radiation ('quilil)rium leml)('ratur(,
free-stream velo('it v

tangential velo('ity, <'omponent. of torn[

velo('i(.v nornntl to radial vector
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W w('ighi of vehi(4c

IV/S wing loading of v(,lfi('h'

l[_/.l weight per unit surl'a('e area or v(,hi(.le
sl,:iu mat orial

X v('hi('h' body axis alim'd wilh wing-

chord phm('
Z v(,hi(q(, body axis normal to willg-('hord

plan(,

o_ angle of aila('l(

j3(t) an expli('it fun('tion of time usc(l in

al)l)otMix A

"r [light-pat It angle
70 inil ial llight-pai h angle ;entry angh'

"ri ratio of Sl)('('ifi(, heats for air

angle })(,iw(,cn velo('ity ve(:tor and
l'(_']'(q'O11 ('(_ hol'iZOll

(-) auglc between rel'(,r(,n('e horizon and

tangential volo('ity, angular rotation

of radial v(,('lor 1o point it|ass

_1,_2 1 (qll ])(q'i/1 Ill'(' _'OII.q|illlt S

p frt,e-stream dt't/sity

p_ consillilt, for eXl)ont'lllhil vtirilition of

density

o" Stel'llAi-I_OltZlilitilil ('OllSlltili ]'Of ra(lia-

lion

_yiiibols used only hi llt)t)ondi._ (!:

rio ]lorizolllli| <'Olllt)Oli('lil of (l('(!('h'rli|iOl/

It ]lorizolilal ('Ollll)Ol](qll o[' v(,lo('ily

_- ,,/v'_-,+_ t "I_'777
Z llolidilll('lishinlll ])ill'illlHq('l" of rl'l'or-

Oll('O 2

=- 1/H

A( )--( )n--( )n-i

.%ul)scril)lS :

,, inililll condition, lhllt is, value lit zero

thno

i'(,ferl, ll('e(I |o iil(,iili Slll'fll(!(' o[' oli+riii

d (lesigii

I)erivativt, s with respect to time tltl'(_(l(,lioted with
dols over th(, vllrh'ttih,. For exlllnt)|(' , dT/dt--_.

EQUATIONS OF MOTION

This sitldy is ('Oli(;eriled with ('litry into the

earth's lit, iil()st)li('i'e o[ a vehi('h' whi('il is travi'lillg

it{ o1' lit,ill' llie vch)('ily o[ '2ti,000 f('l't |)er s(,COli(I

li+il(l is (qili, i'ilig ltio lll inosl)hei'e ()ll ll+ flight l)lll]i

wlih'tl inilhdly differs I'l'(ilii ilia' illStlillli!+noous

horizon |)y it Slllllll lillgle (--5') llOL ext'(,l'(]illg

_;go. On lh(, basis or CllIT('III. knowh'dg(, o[ ill('

atnio_l)her(, lhe lrlljt,('lory ._lu(lie_ were _llirlt'(l

it[, all inilial llliilu(h' of :150,000 feel. It is lis-

._llllieil lhlil llt)ov(' lilis llllilli(h' the eff('cl of tlic

alliiOsl)here on lhe tlighi I)lllll i+_ llegligilih'. _ A

s(']i(,lilllli(! (liligraul of il I vl)i<'lil elilrv il'iijl;l'lOl') _

[<)r Iti(,se iilililll (.oll(lilh)ii_ i_ showu ill figure l.

The ['or('l's, ll('('oh, rlllh)li, v(,hi('iiies, lllld (lisl)hi('('-

iii(,lll_ llr(, showli in lheir I)OSiiiv(' _('ii_(' ('X('ei)L

|IS ilol('(I.

Th(' v('hi('h' (.onsider('(I ill lifts st tidy is ilSSIllll['d

1() liilVO it. lilt'g(' Ihil-1)hll(, al'Oa, sll('h its li wing which

is siat)ilizt'd n('llrly liOl'llill| lo the tligtli path (liiat,

i_, Ill all aligh' of llllll('k of liOlil'lv (,it)°) ill. the lime

o1' the illititl[ ('ondiliOliS. It iS ful'lhi'r llSSllliie(I

ltial it|is lliigle ()1' llltll('k lilllv 1)e lnliinlllilil'd lil li

('()ll.'.:,tiilii vlihlt" of ('hlilig'('d wilhoul, lag 1o liliy

(h'.,+ired value (lurhig ils lrlijl,('lory wilt|hi ilio

alliiOsi)ht,r(,. Tile i'('Sllllilig lilolhliis _i+l'(, llSSlilii('(|

1o t)e lhos(' of It 1)ohil lilliSS lln(t liO illOlilOllt, ('(lllli.-

lion is ill('hl(le(t in lh(, ('(tuaiious of illolion.

The gov(q'lihig equalioliS of iiiolioil, when lhl,

notalioli of [iTIIl'(_ 1 is IISl,(t, ;ire |is follows:

m l ?- --l J-- 1V siti 7

m,V_-- L--W cos 7

it = 1" shl 7

6 |"- COS 3/
F

Por lit(, rchllively Sliilill vldues of illlitude cov-

(;l'(.d, lhe ll(.(.oh,ralioil (hie i(l _rlivily lilill tile (lis-

lit|it'(, frolli lhe vetihd(' to flit' (!('iil('l' Of l[le earlii

lii'o l/s,_lilil(,(I to ho (:OliSlliiil; thltl is,

if- 37.2 fl 'set '_

X qr-- ?D ,Sli3 f!/,:(,c

Ali eXl)Ollenlhtl vlu'illlioli of (h,iisil v with altitu(h'

i_ used su('ti thlll

p (h)= _,_-""" ('2)
with

p_=().()03 shqz/('u ft

1/-- 2;{,000 l't,

Nowtollian flow is ilsmitile(I Ill the surl'li('e o1' the

thtt-l)hde iil'(qt durhig lilt, tqilh'(' Irije('lory lil-

lhotil_h this iis._uliit)liOli will un(ioul)te<lly be

2 'l'ht! I'lh'iq (if till' _tllll)Sllhi'r(' Oil _,t'hi(>h ' t('llli)t'r;tlllr _ tit these ll|tillldeS,

h<iwt,viq', is not, ll(%'lil_'ihh'+ (_41,1, tilt' S('('lil)il t,lltilh'(l '+Ttqnl)er;iturc Eq+tll-

Iilil'ilitii E qiit+t hitly4,")
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Fl(;UrE 1. l'ictori:d (h,.-.eripti(),_ of an ('_lry tr.'tjecttory showim4 lrz j(,('lory v:_ri:d)t(.s aerodym_mi(, f[)r('(% ;_,(l vehi(.](,

axi_ system. I'l_l_,:,.. (h'm_l(,d :ts ne,_ativ(,, arrowh(.a(L,, in(l e;d(, dir(.cti(m of positive di_pl.tc'(,m(,z_ts.

violated dm'irig the timll slalz'es of the traje(.tory

w]l(,r(, lhe v(,h)('itv t'_tlls beh)w 5,000 f'(,et per
see(rod. A('('ordillgly, _l force

• 1 lr,.,S(,
I'=-2 or- _. -,_ga. (:_)

is ass zmt'd to act nommtl to the tl:Ll-l)lal(,_ _u't,a _tt

:ill tilm,s. The ('ompom,tlts ()t' this l'or('(, nloNg
_tHd m,)mmtl lo the flight lmlh _r(, d(,l_ote(I as IIL(,

dr_lg

D(c_) := F sill c_ (4)
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and the lift

L(c_) -- F cos o_ (.'5)

in the t_stutl s(mse. A value for lit(, a(,rodynat,i('-

force <'o(,flh'iettt m)rntal to the l)htte was c]iosen it:

('p 1.7

and was assumed to t)e invaviant with an_h' of

atla('k over lhe rang(' of ('otMitious ('over(,d. This

value of (_. is slightly less than the t)uro New-

t,onian t)l'('ssur(' (.o(,[[i<'iont, of 2.0 and slig'hily

greater than the (asyml)t,oli(') value of about 1.6

which is predi('ted for the I)ressure ('o(,fti('iotlt on
a ('ono of lllaxillll]ln npex angle ]'or ttn nlltte]l(,d

silo(q,: at hypersotd(' Nlach tmmbers. (See r(,f. 3.)
'Fh(, variabh, a is r(,lat,(,d to (') and 3' by

a-.,r-O ((1)

'_s (h, lined by the si_'n (!onvention of figure 1. By

substitut, ing equat,iot_s (:2) to (6) into eqtmtiotLs

(1), t,he e(luaiions of motion may be writt(,tl as
folh)ws:

l;_=--a,, sin c_--siu "r ]
:/

Y'_--a,, cos o_+ cos
:/ :/7-

/;_-- i" +iu

_-- _'_(2||,':_] e J"V2--q('FS

wh(,re +1,, is the n(,(.ehq'nlioH ]ll(ql:-:,lll'O(] IIOI'IIDI| to

the fiat. phtte, as is shown in tigm'e 1.

The range, on the sut'fa('e or the earth i: g.ivt, n

by t ho integral

A._' r, dO _r, - cos T dt (9)
o I) 1'

Sin(.(, r is assttm<,d l<) l)t, (.onstant and ('(lual to r,.,

t,o (tistin('tion is mad(, t)(,tw('en tit(' rang(' on the
surface of the earth and thnt at altitu(h' h.

\Vh(,n the angh' of att,('l,: and the three initittl

('ondit,ions are sl)e('ifie(I, o(ltmtions (7) to (9) d('fim'

the truj(,('lory from th('_e iuitial ('ondit,i(ms.

Another type of solutiot_ may t)(' fotmd wht,n sotne
w,'iabh' or (.oml,itmtiott of wtriabh's ot,h(,r t,hau

angle of attack is sp(,('ifi('d arm t,he equations are
solved for tit(, vnriati(m in angl(' of at,tack ]w('(,s-

sarv to pro(ht('( _ this condition. Both types of
solut,ions ar(' investigated in subse(tuent, sections.

TEMPERATURE EQUILIBRIUM EQUATIONS

For t, he l raje('lories wher(, LClllp(q'_itlll'(. (+tll(ql-

lations are t)rcsented, _t siml)h' model was used to

]'el)res(,nt n unit area of tim exposed surfa('(, of i,he
vehicle. The rat(, of heat, flow into the material

from lhe boundary layer was ('alctdaled t)y usiug

an exl)r('ssiott d<,riv('d i. r(,for(,twe 4 for lh(, stav'nu-

tion l)oitlt, of a roundod l)Itttti body. This (,x-

pression, given in units of ]_,tu/_e('-ft 2, is

.....+,,,,,,+=,,,,
where lh(, <.onslunt 0.010 is determined by the

rotm(lness o1' tit(, surface, r* is the (,fl'e('liv(_ radius

of t,l_(, LOft)] Stll'['ae(_ _l['('_ llOl'lltttl t,O tit(" flow, and

p and .1[ are, respe(qiv(qy, the free-st,ream static

pressure and N[ach nmnl)t,r. The ('onstattt, 0.010
is somewhat, less lhan the valtm used by Romig

(ref. 4) since it is a_smn(,d that, tit(' (.Ul'Valnre of
the underst.'fnce of the wdfieh, is less rout.led

than that of the nto(h,l llS(,(| ])V Rolllig. The value

of r* was i.l,;en as 8 feet,, whi('h ('ort'(,spon<Is to a

vehicle [hit-])late area of 200 s(Imtre f(,et.
']'lie net, tale of heat transfer by radiat, ion front

the sttrfa('e nt '_ lelnDernture T, to tim st]rroutMings

at, temperatttre ?'_ was (.ah'uh_t('<l from the ex-

l)ression :

. []radiqt io,

where o- is tho St(,l'an-l]oltzmann (.ot_slnr_t,
BI,_,

0.48X10 -_2 i.t2_s:i,Loi_ and k is lh(' (,missivit.y-

absorl)tivil,y factor. ('ah, tilations ;tIl([ Ill('ttS(l['( _-

ment,s il_<li('ate that al an altitt](h' of M)out 100

miles the radiation oquilibrium temp(,rature b<,-
twe<,tt the st.'t'_u'(' at.I the surrotmdings will t)e

about 5_q()° ]{. Since lh(, (',d('uhtt('d a(,rod.vtmmic

]wat, ing rate (I)ased on the as_unu,d model atmos-

[)h('l'(', I'(']'. ;_) iS n(,vligil)h' a! this altitude, tho

initial t,(l.i]ibritm_ leln.l)er:tlure o[' lit(' v('hi('h' wi]l
also 1)(' at)out, 5S0 ° R.

The st.'fa('e was assumed to radiate fronn only

ore' side with an t,[l'('(qiv('n('_,_ oi' trait3 + (/¢ -I.0).

The result of thi: <,ombim, ti(m of u:SUml)tiot,_ is

more realistic than lho t'esu]ts with (,it h(,r a:sttml)-

lion sit_ly.
The bent absorb('d by lhe slrtt('ittr(' is dt'l)cnth'nt

on lhe l)rodm'l of the weigltt per tmi! nrea nnd

the heul <'al)a<'ity of the maleria] used. For the
cMeu]ation: herein, the rate of heat absot'l)ed per
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unit area

r'tt; _, (12)
,1

was ('aMllaled fo," lg-in(']l solid b(,rylliunl so that

1I;
= 1.1 ,',44 lb/sq fl.1

Bill
(' 0.675

ll)-°R

The i)rodu(.t ('WL-I is lhus 0.8. The material

need not n(,('essa,'ily t)(, an in1(,gval part of the
Sll'llclllre ])111 I|lnV 1)(' 1t teml)erature sensor whi(.]_
is insulated from lhe rest of the structure. For

these cases, the mai(,rM was ('onsidered to have

less heat eapa(.ity (for example, a thimwr gnge

material) arm the l)roduet of the two h,rms was

re(lu('ed to 0.2. However, unless oth(wwis(, Sl)(,vi-
fled, the value 0.S for ('W_/,1 was used in all

leml)erat uve eah'ulalions.

A lhinl eloJ_wnl of heat transport, ('on(hwtion
between the skin mah,rial and the inl(,vmfl struc-

ture, is n('gh'eled in lhese ('ah'ulalions. One fur-

th('r simpliti('ation is employed 1)5" assuming 1hat,

this unit area of malerial is always lo('ated at the

stagnation 1)oinl (or region) o1' the vehi('h,'s sm'fa('e

in sl)ile of the fact that the angle of attack is I)eing

varied. Some justili('alion for lifts assumption
may ])e fm,nd in r('M'ent'e (;.

The heat _'apa('ily of 1111'material together with

1he two Hem(,nts of heat IrnllSl)orl ('onsid(,r(,(I,

mmwlv eondu('lion from th(' I)oun(larv layer to
the material aml radiation Iwtw(,en llw mal(,rial

nml ils surroundings. ('(mslitut(, a Imhm('e within

the ('hosen control surface. Thus,

( -- (q!2 Q "_
(1:0

lh,'oughout the tvaj(,('tory. When th(, in(li('alt,d

mfl)stilutions ((,(is. (10), (ll), and (12)) and group-

iug of the ('oeili('i(mls ave made, th(, governing
(lifl'erenliaI ('qua(ion I)(,(.om(,s

wh01'O

J_l + ,_ 1'14 = ,t_ 7, 24 __ s_2il/a.1]fl ..5 (14)

/h= _ 1i_=0.6>( 10 -'_

fl._)l A

_=(li_-(r.) 0 ,_=0.004417

Unless in(li('ated otherwise, equation (14) was

used with these values of _l and _2.

At ('a('h I)(,silion Oil the Iraj(wtory lhe l)r(,ssure
and Ma('h mmfl)t,r were (.ah.tthm,d froJJl lh(' alti-

tud(, and velo('itv (lat:t from the (,xl)r(,ssions

p: /{p (h) "f (h) (1 ;5)

M-- --
c _,'% ]l T(h) (1 6)

where 7_ and t? were lreated as ('onshmls having
I he v tlucs

1/=1716.6 ft2/sec2--°R

"(1_ 1.4

The Vnl'ial)h,s p an(I 1" were tak(m (lir(,clly from
the lraje(qovy data, whereas t h(' free-st,ream lem-

l)eratm'c 7' was ('onq)ut(,(I I)v using slraight-line

segm(,nls to 'q)l)roximate lhe altitude-tenlperature
l)]Ols ,)1' refcrcn('e 5.

At ;i50,0()0 t'(,(,l. (/i,o foF 111os1 of tile Iraje(.lory
stu(li(,s) the (,quilil)rium surfa('(_ h,ml)er.Hure_

cah'ulaled 1)y ('quation 114) (,x(!ecds 1,000 ° R
and iil(, assumplion thai. J'l is zt, roal that ('ondi-

tion i.'_not justified. Therefor(,, traj(,('tori(,s which
in(,lu(e l('Htpe|'alur(, cah'ulalions were initialed

at 5,_0,000 feet wh('v(' aerotlvn'lmi(' healing is
negligil)le, _hl_() , nn(l the surl'aee t('mperntur(,

of tl)(, velfi('h' and lhe radiation equilil)rium

leml)trature nre about equal (580 ° R). ,<,int'(' the

angle of alta('l,: has virtually no (,fie(q, on lhe

traje('tory al)ov(, ;_50,000 fe(,t, only It few cases
w(,,'(, 'ah'ulat(,(I at, 550,000 feet Io (,stablish the
value of 7'_ and ']'t at :¢511,000 l'eel for each iniiinl

('on(ti_ ion n(,e(h,d.

TRAJECTORY STUDIES

In order to l)rovid(, insight inlo means of

r(,gul111ing th(' maximum (h'('eh'ration during tim

erttl'y, lhe conditions governing the ,nnximunt

(le('('h'ration are (h'riv(,,1. Tit,, necessary con(lilion

ltmt h(, (h,(:eh,ration, given t) 3- ('(luation (8),
})e ('( ltstl/llI O1' })P ltl least Sill illS|alllnlle(HlS

Inaxin llllll is impos(,(l by selling its time derival ive
equal to zero. Thus for the oXII'PIIIllIII, 1]1o
('ondition

( '_.p,, / ],
-+.I I "]=0• (! "'_ O " "

a ,,=21V/5, X ll /

lea(ls 1o It net'essarv ('ondilion b('lw(,en lhe rnle

of des,:ent and th(, tim(, rate of ('hang(, of vehwily;
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Lhat is,

?
g -- 2glI (17)

Expressions I'()l' lhese lwo d(,riviltiVOS (,v(,rywhore

on the (raj(,('l()ry are given t)y equations (71).

Substituting these (,xl)r(,ssions iN(o eqUiliion (17

and rearrilngiug (he terms yield the desired

expression for the nl.xiniunl vahl(' of the

de('l,l('rat icm

sill T / ""

l¢or the ti'ajeetories eontrolh,d with aero(Ivn=inliv

lift, e(lulition (IS)shows that the inaxittmnl wlhw

(or some (los|red ('ons(_mt vMuo) o1' (hw(q(,ra(i/.i

(|el)/'UldS (lir('vtly on tho instantiln(,()us vMues of

v(,lo('itv |ingle of att:l('k, lind flighl-I)ath allgh,

(or rll((, of (h,s('(,nt sill('e )l !" sin ")'). As long

Its the angle of ;[tta('k is near 90 ° , its variation

at ill(, instant of .onsidei'lltion ti_s very little

efl'e('t Oil t hi' liiligllitu(Io of ill(' de('el(,rlltionl.

]low/wel', if (he lill_'le of iillli('k is tis('(l 1o ])roliul'('

ll fl)rl'o ilOl'lillil I() the ftilzhi I)lllh for II sufli('i(uit

iiine I)rior Io tile (hne of ltie liillxhliUlll (l(,('(,l(,l'li-

lion, liio inlignilu(los o1' boil| []iglll-]mth nligle

li.li(| velo('ily ill ihe lilil(, of iillixiiiillin de('l,h,rlllion

('|ill ])(' re(lu('('d to Sl)lll(' degree, l,il<('wise if this

sanle for('(, is VOlltrolh,(I wilh the ling|(, of att_lv],:

t]ll'OilgliOtl(, tile entire lllnlospheri(' 1)orii(nl of Ilie

eilli'.v, it liitlv 1)o llorod3lililili('_illv l)()ssil)h ' i()

hohl l[le (i(,('eh,rliliou, helilinly,, liud l'_llige Ill wilhhi

S()lliO 1)ros('l'ilied lhnils. "[']le li n l._h'-o I'-il t 111v],;

re(tuh'enl(,lils |lilt[ slinio uielho(]s ()f appti('lilion

for t]lo li(,l'Ol[3iililili(' ('olill'o[ o[' Ollll'\ vehi('h,s lll't'

inv(,stigilte(l in tile following set'lions.

Till, lrilje(qory l'(,suils lil'e o})lilhl(,([ for it vehi(,](,

]illvhi!2.' |ill llssunie(] vllluo of tile rlliio of whig

loll(ling lo for('e ('oefTl('ienl ll'/(',,N. (For |ill

It{'N 2o )llssuined wing loading of 20, ('_, =i.7" llo\v-

ever, it is Miown ill r(q'eren('e 2 0ul(| in al)l)i'ndix

A) ltiltl, with |ill (,Xl)onenlilil llltitu(le-densit.v

rellitionsili]) , l]ie results ilro nl)t)[i('lliil(' 1() liliV

vii|ue of lt"(',,N if lh(, aliiiude vorrl,spoil(ling to

elu']l poinl Oli lhe lril]e('l/irv is shifle(] I)\" |ill

ll_nioulit proporlionlil 1o itie loglii'iltini of II" (7,N.

(_ONST ANT- l)l'](! EI, E R AT] ON T RA l E(YI'O Ill ES

The equiltions of iiloiion (('(ts. (7) lllill (N)) iii_/v

l)C tl,'-:,('([ Ill SO|V(" fOl' lilt' Vlll'illlion of ling'h, of

ilttll('k anti tile resuliin_ viiriillions of Idlitu(l(,

Itnd v(doeiiy IIO('esSlll'V 10 niahllllin Ii (.OllStiill[.

579107 lib - 2

(](,('eh, rILlion during Ii ])orlion of |ill entry inio

the elii'lli's lilniost)herl'. Tho (uilrv lrlij(,('lol'v

slill'lS fronl It zero-.q ('oil(ill|on illli] l}le (](,('(,h,riilioli

ill(.rlqises |is lilq'o(i\naliii(' (li'll 7 is envounlerod.

During till' filial slllg('s of lhe (,|ill'\' the (]e('eloril-

lion lig_iili iiill.v (l('.(!rolise _is the d\-Ilalni(" [)ressui'e

f'lllls It) vlllues (oo love t(l SllSlliill li tires(Tih('(I

Villtle of ([(,('elerlllion. Tllo l)orlion of the lriljev-

lol'v hivoivin<ff ('onslillil (ie('(,ierlllion is liierefor('

ii('('Olilpilliied t)v lrlillSilion periods of lower

d(,('i,ierlllion Ill. lhe sllii'l lint[ finish ()]' l tie (,nlr).

Tim vtinsllliil-(ievol(,rlilion poi'iod is of iiileresl,

ti()wover, i)Ol!nilSl' li ('OliSlalil-_.il'velerliliOli li'iije(!-

iol'.V will lilh)w the shol'lesl plllh ilirou_']i i]ie

atlii()sl)hor(, wiihoul (,x('ee(Ih/g de('eh, rldioli vnhles

inll)OSe(I t)y slru('iurll] or hllllllili i)hysi(.lll ]iinils.

|'llrl.lllWiiiOl'O, tile ()s('illllihins or skipl)ing ulolions

\vhi(']i It('l'OlllpilllV SOlllO i"OllStnllt L./I) lrllje('lories

(seo ref. 2) ill'(, olilliilililed. The i'e,qulls illliV liiso

[)rove 1() lie useful as illl ideill guide for olhor

types of ('Olilrol.

<_in('e tile lil_iXiliiiltil (lo('oi(,i'lllioli o('('tli'S ill rill

lhnos ('o!hieill']\ _ with the rosullinll fol'VO, iho ('ai-

vulntion iS ri'sl ri(!lell (o the Itoro(i3'lllinii(' ]'orve iillll,

hen('e, to liie (leeelor_ilion t<l, or --(lz. Ill or(h'r 1()

inilinllihi i_ (.onslilnl value of (h,('(,lei'lition for Ii

given vi, hiele, lhe ('ori'eSl)ondin g dviilinfi(' ])l'Ossur(;

nuisl, relnahi ('onstlilil, lln(l_ witen the exponenlilll

ill)proxhnlilion lo liie Itlniosl)heri(; densiiy is ,,is(,(],

llie relillionsiiip l)(,lween iil(iiude luid velocity is

fi×ed. \V}iell e(|ulilion (_) is rolirrilnge(], tilis r(!-

lilt ionsilip I)e('Ollles

( 'kpe 1.2 (19)
D = II log,, _llT."; -a,7-

A phil, of tile wlriaiion of k wilh I" for various

vMues of a,, is shown as figure '2 for it velii.h, with

a wing' lolidilig of 20. It may lie seen thil( frc, nl tile

ini(iM ]ligh-veloeity high-altitude condition a lill'_Zi,

re(lu(!iion in velo('itv would oe('ur with oulv Ii sinlt]l

r(,(hi('lion in altitude. At velo('iti(,s l)(,low 5,0()0

I'('('l per se('on(l it hil'ge r(,(ltl('(ioli in llltilu(h' woul(I

o('('tlr with r('l)ttiv('13_ Slili/H ('hlllig(,_ in velo('ily.
Ill or([('r Io i]]ilSli'nte ,'40111(' of l]io (]i]]'('r('lie('s ])o-

lwe(ui two types of (raj(,('tori('s, (h_ta froui _i tyl)i-

('Ill high-(h'llg nonlifling (a 90 °) olllrv trilje('tory

lil'e su[)erhn])oso(l (ill l[ie lines of ('OlW, tlilll. (](,(_el('ril-

tion hi fiTure '2. For tile zero lift cllse |lie flighi-

pMh angle is --i/° al 350,000 feo( _llld linie is in(li-

(.llle(I Oll the figure 1)3_ us|Jig (l()Is Ill 10-se('on(t

intervals. The v(,lii(_h' (qitel'S lhe lllinosphere lit,

i_ volo('ily w]ii(']l ilils (']inligOd Vei'v littlo t)y |lie
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551,:{13 feet, I'o 25,6a:¢ fl,el per s('('ond, %,:=2.9(; °.
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tiln(, the d<,e(,h, rtltion r(,tl('h(,s l.q. Th(w<,nfter, lh(,

vehi<'h, f<)lh)ws a high d(,('<,h,rntion lmth whi('h dis-

siI)tfl('s most <)f the <,n<,rgy ov(,r a rl,hdively snmll

nUlg<' of nliitud('s.

Th(' initittl portion ()1' th(, nonlifling (rtLj<,(.t()ry is

of i)_lrti('uhlr interest. All<lye 320,00() fee! the dy-

natni(' pr(,sstn'e is less than 1 pound 1)(,r sqtmre

foot. If the (h,s<.(,nt is n<)! <'ht'('l,:('d, a 3.q d('('('h,r_-

lion is r<,_u'h(,(I ut 2:¢(),0U() I'(,el, 59 nl 220,000 I'l'('l,
_ll,l s()ml. This )m,nns lhnt, during the tinle re-

<luir<'d t<) th,s('<,nd S0,000 to 100,000 l'o('t, <'onlrol

of the truj('('tory I)v Ill('|lltS of lit(' twro(lynnnli<'
for<'<' is _vnihil)h, _lml n('<'<'SStl,'V ir lh(' vehi('h' is 1()

I)<' guided h)wartl till tlsynll)loli<' inh, rs(,('ti()n with

tl ('<mstnnt :¢9 to 5.+/d('('('hu'ttli<)n (rttj(,('t(wy.

Th(, ('omlitions ne('essary ror tl vehi<.h, to romnin

on tl ('()nslnnt-d('('ehu'nli<)n lrtljt,('h)ry nre investi-
gtllod next. l)('vt'lOl)monl of _l form of (hi, lmsir

e(ttlatiOllS sllitn])]o for ('nl('ultlting ('ollslnlll-(h,('el-

<,ration Irnjt,<'h)ri(,s is given in nl)lWndix A. The

e<tunti<uls w(u'(, used t() ('()ml)Ul(, lhe t rnj(,<'lories

_Uld Ill<, vnritlti()ns in nngh, of ntta<'k n<,('(,ssa]'y h)

a('hi('v<' the traj('<'t<)rie+_ for Ill<, ('_ls(,s of a,,-+: 19,

2.q, :Lq, ttu(I 4ft. Th(, <'omt)utati<)ns were l)l,rl'()rmo(l

on n <]igita'.l ('<)nq)ut('r with _ (rblllgulnr (t]lre(,-

t)t)int) int<,_rnti(in l)r()(.(,ss. By the use of c(,rtain

_q)l)t'oximnti()ns, nnulyti('nl solutions whi<.h are

vMid for tt lnrg(, imt't or (,u(.h traj('eiory nlny t)<,
ohlnino(I. Th('s(, ('losed-rorm s()htti<)ns ttn<l (Iw

('orr<'sl)()n<ling nsstmiptiolls are given in lh(' lntlm'

pnr( or lli)l)(,ndix A nll<l i,l _q)l)<,n<lix C. En('h

l rnj(,, tory v<ns shtr(od _tt the flight conditions I+,

% D whirh sntistied the e(luntions vchon c¢ vcns

OXa('| {3" {)()o, i.htl.( is, (]lo tlltlXillllllll drtl.g ('()n(lition.
(See ,(ls. (A16)nn(I (A17).)

'l'ilae histories of the trnje('tories nre prest,nted
in figur<, 3. It is noted thttl (he initinl vMtw or

]_ is l,hnost lin<,tlrly (h,l)<,n(h,nt Oil th(, mngnitude
or (h, th'('(,leration. From its initinl vnlu<, (If 90 °

Ill('Ingle or nll, n<q< <h'('r(,ns(,s; this (h,('r,ns(, in

nngh' of at tn('k in<'r(,nses Ill(, lifl, 1)rev(,nls _l rnl)id

in('r<>se in flight-ptdh _lngh' or r_lt<, of (les('(,nt.,
nnd thus m,inhdns n ('()nSttlnt <h'('('h,rtltion. As

Ill<, xt,lo('ity <h,('r<,as(,s, h(nvi,v(,t', the r(,<luir(,nlent
((% (19)) at lov<i,r Mtitud<,s leads t(i <,v(,r-in('re_ls-

ing r:lh,s of <](,s<'<,nt. and flight-path angles. Ex-

('('l)t ',n the lg ('rise, lids <](qnttn(| ror ]lig]l(,r rntes

of (h,w(,nt ev('nlunlly h'a<ls t() nngh,s <)1' nltn('k

gl'i'ttl q' lit<lit 90 ° till<l, boll('(,, il n('gntiv(, ]irl is
r('(lui:'t'd h) push lh(' v('hi<'](, (h)wn into till' (h,t)s(,r

atm<):,ph(u'(,, if a ('<)nsi+tllt <hw<'h,rttli<in is 1<) lie
main tlin(,d.

"Fh, tim(, histories v<er(, dis(+ontimwd tit, veh)('-

iti(,s (,ss than 4,000 fe<'t per s<'('ond. It tony bc
oxpe<'t.ed, ]_ov<ev(w, (hM a and -'y ('ontinue to

in('vo++so tln<l lit(, vt,lo('ily ('ont intws to <h'('retlse
umil (he desired vtllue of (h'('<'hw+ltion can no

long<,, b(, obtained. The ex<'(,l)tion is the 1.q

trnj(,(tory whi(+h the ('(lUtltiol)s in<ii(.tm+ ('nit he

mnim nit.,d to sea h'v<,l v<h(,r(, t h(, l(,rminM v(,lo('ity
is nh)u( 100 f(,(,t l)(,r s('('on(I for o_--!)() ° tln<[
117,",'+ 20. Sill('(, Ill<, nssum('<l n(,r<)<lv]lami<. <'hnr-

ltctt'riqi('s b('('Olll(' illtt('<'tlritl(' /l+I I()W ttl|gIo,'; of

ltlltt(' -; ItS well Its tit low v(,lo('ities, the (laln given

for the lg trnj(,('lory sh()uhl 1)(, viov<(,d as
till)r( xinmte.

Fr(m the (rttj(,('t<)ry (Ittln (if tigul'<, 3, the vnria-

<ion <f tlngh, or ntta(.l,, un(l [light-l)tith ttngl<, with
v<,h)(,itv is crossl)h)it(,([ itt fig'llt'(' 4 1<) olilllhlnte

tilne ts t]lo in(J(,l)t,n(lt,]lt ])ttl'tllll('l(w. Tlw r(,sulls,

l)l'('s(qttt'iJ ill this fornl, tlr<, v(,ry gt'n(,ral sinr(' wing
h)nilil v,, t,iln(,, nllitu(h,, tltld forc(, ri)(qlh+i<,n(, nre

Iv)t, il,x'olvI'([ ill tilt's(' (Jr<tit tlS tthiV l)i' St'<'it rroln.

lit(' (' luat,ions of Ul)l)(,n(lix A. Th(, (,lYe<'t of tim

tti'i)r('t i(,ntii))w(l l)ttrtlzn(,l(,rs is ('ontaiil(,(l ('uli,'l,ly

in 1](, altitu([(,-v(,h)('itv r(,ltdionshi 1) _iv('n by

<'([ilttl O11 (19). Th('r('for(,, if ||'/N or (_, tu'e

('htttI_i'<l lit(, vtu'i)Ibl('s y, a, /;, 1", nn(l ,ill (If (lu, ir

t,hn(, +h,rivnl,iv(,s rt,)i)ttiil tllwhtlilgt'<l ns l'u)icl,ions

of vt'o<'ity J)lit, ('ti(']i v(,h)('itv ()if the (rtij(,('t,ory

()(°('lll'bL li| il (]iff('r(ui( tim(, nntl nltitu(h'.
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bh_t m,: -1. The varialion wilh vHociiy of angle of attack

and Ilight-path angh, f(,r ('(m,.qant-dt,('t,hwali(m trajl,c-

lm'ies. Variali(m_- and ma_nitu(ies arc ind(l)en(l('n( of

(',_. and ll'/N.

('ONTROL ()1 _' AN(;LE OF ATTACK AS A FI!N('TION OF

I)ECELERATION

In order to reduce the l)('ak (h,('(qeraliol_ from

lhe value ol)tained with a nonlifting (,ntrv ira-

j(,('torv the control of "mgh, of atta('k as a linear

I'unelion of some trajectory variahh,s w,s lri(,d.
()he obvious qunntily h) ])e used for Ibis l)m'pos('

is the deeeh, r_nion measured along the Z I)o_ly
a×is of lhe vehich,. Since the r(,sullanl aero-

d.wmmi,' force in Newlonian fh)w is nlso along

I his axis, no res, dution of ar('eleralions is m,('essarv.

For lhis type of control

-- c_o-- Ela,, (20:,

aim n no-lng respollse in o_ io a ]ll('aSlll'e(| value

or (t,, is assmn(,d. This wouht be ml ideal choice

if, by adjusting I{_, the d('('eh,ration ('ould b(,
llllI(|P to l'('lI('}I SOIIIO ])l't_d(qerlliill('(t nlllXilllllIll

value an(l n,nmin in ('los(, t)roximily io that value

until the low-speed (thai is, umh'v 5,()()ll feet, lwr

s('('on l) ('().dition is reached. The ('ol_slant-

de('eh ration (I.ta of figure 4 ('ould then t)c used

as n guide in l h(, ('hoi('e of I{_.

In or(h,r 1o illustrate lh(,se points, the time

hislotv o1' ml entry lrajeetory with tim angle of
,'_tla('!< hehl ('onslnnt al 90 ° is pr(,sented in tigure

5(a) and 'm entry with a=90 ° 3(i,, is shown in

tig'urr 50)). Th(, tl'aje('lory equations .ire

equidions (7), (S). and (9) .i.I ih(, iuiti.1 con-
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D/hen the angle of attack is heh[ constant at 90 °

(fig. 5(a)), the deeeh,r,tion rapidly buihls up to

a peak value of 8g. Wilh the ,ingle of 'lthwk

varied according lo equation (20), figu,'e 5(t))
shows that the rate of descent is reduced and the

maximmn (|,,celerat, ion is less than 4g.

In tim conslantr-decelePalion data ol' tigure 4

the minimum angle o[ attack l'or a co,lshml. 3g

entry is 78 ° and this ovcuPs al a velocil,y near
ll,000 feet: per second. A gain _&'_ 4 in equation

(20) wouhl likewise produ{'e an angle of attack of

78 ° whenever a,=3g. Therefore, th(, r(,httive

(,It'{,{'t of increasing lh(, Kain to 4 is illuslr:tlt'd in

figu,'(, 6. Time hist<)ries of d,,{',,h,ralion :rod angl,'
of attack art, ('Olll!)al't'd in figure {i for vllhl{,S of

[{_ or o, 3, and 4. It may t)e s{,cn that the de-

('t,h,ralion was held in llw vi{'inity of 39 wtwn lhc

g'ai,I was 4 allhough some ov(,rshoot did o('('ur.

Th(' v{qo_'ity o1' l 1,0()0 feel per s{,('on(l o{'('Ul'r('(l
nl 31i5 s<,{'onds for th(, K, 4 case and o<'('uPr{'(1 at

345 seconds I'{)t' the 1£, 3 {'ns{'.

In figure B nnd in most. {qmuing figures, lhe range

Ax is giv('n ['or {'n(']l l rn.i{'('lol'y. The rang'{' is
{h'lilw{I as lhc (]islan('(' in miles trnv('h'd over lhe

sm'fa('{, of ih{, earlh (nonPolalhlg) from lhe initial

i}osilion in st}a{'e Io n I}oinl on the ii'aje('lory "wh(H'u,

lh(, rnngi, is increasing at less than 100 I','('l, ])('r

s,'{'ond. _:_tl this condition ioinl v('lo{'ity is under

5,000 feel I)('r second nn(t the [light l}alh is very

n{'a,'ly v{,]'li('al (-y >--90°). Sin(',' for nil tra-

je{'lories the vaPiations o1' Ax, I', k, and y are
n(,arlv i(h,nl.i{'al to those given in fig'tu'(' 5 th(,v are

nol i,wlu(h,d in the tigu,'es.

Figure 7 shows tlw cfl'ect of initial tligtH-palh
angle on the deceleralion and tale ot" descent when

the angle o[' alt, a('l,: is {'onlrolled a('cording Io

eCluaiiot_ '2(}). Whc'vl t h,' initinl flight-1}at.h nngle
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l,'[,;ViCE 7.-('onil)arison of trajectories conlrolh'd with

,u it0 ° -4a,, v,'hl'n initial flight-1)ath angles are __o,

1 °, 2 ° , and 3 °. I'o =25,863 feet 1)er second;

ho 350,000 feet.

is I)etween 0 ° and --I °, the deceleration reaches

about the s:lll)(, maxinunn vahle, llowever,

lit entry angles greater titan --1 °, tim in('reased

rate of descent, l)rOdll('es li lnore rapid iu('rease in
deceh,ration and the consequential reduction in

angle ot" attack does not have lime to re(hl('l, the
tlight-l)ath llngh' and rate of des('ent sufficiently

before large (h'ceM'lltions have been reached.

Thus ]it Illity t)(' St'ell fronl tigure 7 that this l yi)e of

controller, whMl may l)e eltMent at, sonic specified

entry angle, does not. possess the abilily lo

ant it')pale the niore rapid changes in deceleration

which occur at larger entry angles or higher rlll(,s of
descent. The key here, then, is anticipation.

Severlll nieans of ol}lllining lhe necessary anti<'it)a-

tiou are llvailal)le such as measurements of y, }_.,

6,, and T_. If it is known during the early stages

of the entry that-y is hn'ge, the aug'h, of attack
can I)e reduced to some vnlue h,ss titan 9O °

heforl, llle (h,ceM'aliol) starts to I)uih[ ul). (This

change presunint)ly wouhl require l'eacl.iou con-

irols.) The same thing couhl be doue by

measuring ]_ in the eln'ly stages of the ('lllry.

Further consideration will I>e given to these and

tenll)eralure as nlethods ol' control in sul)sequenl

sections of the paper.

The thiM method of ant)oil)at)on , l.tlltl of d,,,

can I),, easily added to the prese)it study. The

angle ,,f all,acl_ and, hence, the lift and tlight, path

tony le changed ea,'lier in the entry by niaking

ot = _o -- K10 n --/{"2 a n (21)

and ly properly choosing K.,. As in previous

cases, a perfect response in luigle of .lthlck to the
colil.rols is ,ssumed.

The <'oniph,te trajectory of l) w,hiclc wit,]_ this

tyl)e (4 angle-of-attack control is sliown in tigurc

8 ['or tit initial flight-l)ath li]lgh, o[' --1 °. (btins

were _(,t, at K_ 3 deg/g, and 1_--250 degfg/sec

])lls('d ,)tl lllellSUl'elllelltS of (1,, ltlld 5. in lhe l)reced-

big cases. In figure 9 the relatiw, effect of this

type (,f control is conipared with the a,, control

and t.he colistant 90 ° angle-of-attack entry of
figure 5. The elrect. ()1' the anti('il)alion term in

t.lle al gh:-of-altlwk control is to re(hi(r<, ]lot_ll}ly
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I"I(_,-R_: 10.--(_Omliari.'4on of I rajeetories ('ont rolh'd wit h

-{}(/--;_(ln- l(2(i n "wh(!tl K2 }1:_4 till' v:ll(l(m; 15(_I, 250,

:.tllil 350 ([('I_r_'l's/g./s(_clmd. l'o =25,8(i3 f('('t per :('con(t;

ho ;{50,000 f('['t; "Yo [o.

the magnit,u(h, or the first peak in the d('('ch,ration

whih, the magnitude of th(, second peak remains

virtually the same.

A range of values for IQ, is ilh]slraic([ in figm'e

10. With file initial ('ondit, ions of a0--90 °,

-y.=--I °, and t£,=3 ('ommon to all tim,(, cast,s,

the variation of de('eh,ratio,l (to an (,nlarged st',de)

and 'ingle of att_wk with time is shown for the
cases of 1_15(), 250, and 350. The figure

i]lusl rat ('s ! lint increasing lh(, vahu' of IQ, prim.cily

suppresses the rate of in('reasc in the (h'('('h'rntion.

]torEro" vMues t)f the initial Ilight-patl_ angle

that: 1)res(,nt, a more sev(,re test of the angh,-of-

atla,(']; ('(mlro}lpr and t r_@,('lor,v dala _lt sevprM

entry angles are pres('nt(,d in ligure 11. (;ai,,s or
K_=-4 and t,_=250 and an a.=9() ° nre used in the

angle-of-at, tack control while entry is initialed at

flight-path angles of --1 °, '2 ° , and --3 ° . The

th,('eh,ration, rat, e of change or altitude, and angh,

of attack of figm'e 11 may lie compared with those

or tlgure 7 xvht,r(, no ant Mp,ttion was used. (The

angle of at la('k although not shown, is easily

COml)uted from figure 7 since a=90°--4a_. At

t h(, maximum deceh,rations angles of attack of

77.2 °, 73.8 °, and 67.2 ° arc obtnined rot. the r(,Sl)e(.-
t,ivt, t,ntvv. angles of 1°, _9o_, anti --3°.) "With

anti('it)ation ih(, dec(,h, ralion was hcht within tim

wthws of 3.49 1o 2.1g. In ord(,r to t)t)tai|_ these

lowt, r values or dt'('eh'rnlion over the range of

entry angles, it. is necessary to make relatively
large chart q,s in angle o1' at,tack ]Hit at a vt,httivelv

low rate. For (,xamph,, when 70----3 ° the mini-

mum angle of attack is 5!)° but, the maxinmm rate

of ('h.n_'(, of ang'h' of l_tl.t'k r('(tuir('d is --l ° per

sec|)nd. These wdues ('ontpare with t,he mini-

nmnt aliKh, of attack of 67.2 ° and a maxim|nu

l'_lI(; O[ 0.;_ O° ])(q' S('('Ond obtained in lhe %=--3 °

('_s(' of tig'Ul'p 7.

The effect of rtqalivt'ly bn'gt' chung'es in angle
of nltnek on the deet'h'ralion, ]waling rales, and

the len)f)i,rature o1' lhe vehich, is shown in figure
12. In this ti:zur(' a lhir(I possibh, control fmwlion

is tlS('(l, Ilalnt'l.v, t h(, case "¢¢11(4't_ I(_ is se! to 0 and

a=90°--250d,,. Traje('lorit,,_ using this ('otttrol

I',m('tion are ('Oml)art,d with lrajt,ctories when

o_=(,)0 ° on th(' basis of d(,('(,lerat, ion angle of attack,

a(,rodymtmi(' heating rat(, to the vehM(,, and skin

tem])(,rature for initial tlighl-path ungh,s of --1°,
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F](n-_t_: 1 I. ('omp.u'ison of Irajq.eh)ri(,s conirolh,d with

_: 90 .la,, 250d,, with initial llighl-I)alh an_h,s :ire

I °, -2 ° , and :1°. V,, 25,863 fi,vt per s,,('on(t;

b.::: 35(},0t)0 f(',,1.

--2 ° , und 3 ° . When ('Oml)In'e(t with the daln

of ltw preredilig tigul'e (|ig'. 11), the .f]'erl of
('lmiigiilg lf_ ['ronl 4 to 0 is to iiwr(,_ts(, al, .1l llu'(,(.

enli'v angles the value of tim se('ozid l)(,_ll,; in the

de('eh, raih)n t)y lil)oul 1.5£1. Fr(tni _l ronlparis(in

o| tile a--gll°--25(h_,, trlije('h)ries wilh the o_--9() °

lrliji,('lories, the following ('on('lusions ill'( _ drawn.

When the lingh, of lillli('k is ('hanz'e(l hi i)roportion

1o d,, the linle histories Of de('elerli.tion itl'(_ vl,rv

shnillu' lln(I tilive nhnost l ho salii(, lnaxililUlll vilhle

|or entry lingles up through --3 ° . ||el|ling rates

It|i([ iniixililUlii skin ienlperlll.ures ure virtually

llllll[[e('te(| |)y hu'ge re(hl(.lions in Ilng'le O[ atta('k

Iron| 90 ° eonii)aro(l wilil llie value ottlltilu,(I when

the angle of tittli('lc is hehl tonsil|lit lit 90 °. Hole

thlll lhe skin ienli)erltlure lili(| }ieaiing rlile rea('li

lheir llilixiinlllii vlllues 1)el'ore the de('ehwlith)n

reli('he._ Ii liilixilnuill (exception: _l stil)lllUiilnlllii

in the yo=--3 ° ('lise); thus, it lil)])(!lil_ i hal a

re(hirlhin in llngle of ulln('k to vnlues less l llan 90 °

(hiring the in|till| |)]ilise o1' the tritjet'lory ])ro(hl(>es

_l_ its 1)riil(.iplil (qf('('l ,l h,ss riipi(l _h'('r('ll._l, in the

li('lllill 7 rule and lenll)erulul'(_ (lurilig lhe final

])]ias(, (iJ' lhe lrtije('lory. Thi_ elt'('ri l'r_ulls in ii

_ligtil .v lur_'(,r lohil Ileul whi('h lnliSl lie ul),_ort)(,(l

tiy lh, v(,hi(.h, liul lliis ill(T('USe (.)('('lirs ul l('lnl)era-

l Ul'eS I('_ lhun lhe Inlixiinuin.

]n |ill llle t)re('e(ling trlijl,('iories ii hus 1)een

ussulie(I lhlli lhe vehi('h, w_ls _ll Ill| liligie of

lilill('l_ o| .(t() ° wll(ui enlry wiis iniliille(I (tliilt is,

t)v ll.(, flirt( _ lhe vehich, rl,u('il(,(I 350,000 I'(,(,1).

]ii |i_2"H'e ]_ wiih all elill'y lili_2"il, o|--]°j liie elllry

is iniiililed Ill nngll,s o| lillll('k o| 70 ° lill(i 111) °

wilh lli(, a,_ 9/) ° (_'as(, rl,i)ro_hl(.e(I [or eonll)uri_on.

The tq)(, of ('onll'(ll li._SUliie<l |or ihi_ slii(t),- is Olie

in wh i('h

a = a,,-- I¢,c,.-- A%d,,
Wtll'r(' IIOVf

0£. -- Ot d
K] :_ . :

In lhe exl)res_ion for t(i, a,,<_ is lhe "design (le('(,h,r-

lllioli" ltikeli il,_ :]q Uild o_a is llle ('orr(,sl)on(lili _

nihiin uin angle of lillti('l,: (7_ °) for li ;If/ (l('('ei('l'a-

don il_ <)t)hiine(I frolii fl_Zlli'l, 4. Thus with llli,_

('onlr(1 law ihe Uligl(, of lillli('k vlli'ie,_ froni ltle

value )_o ul lhe sllii'l of liie enlrv ('wher(, lhe d(,('el-

erlilio i is zero) |o lhe vlillie of a<_ w]len file (h'('eh, r-

tit|on r(,_l('iies design vulue a,. a. V(h(,n ao i,_

gri,aler lhlin aa, _i is 1)osilive Uli(I, |is silown in

l)revi(;us figures, ll positive tf_ [)r()li/l('es ii sllit)le

vurinlioli Of lillg|e of uttuek with (le('(,ll,rlilioil for

enlry {ruje(!loi'i(,_. _iVli(,ii a,, i_ less lhun aa> ](i is

lieglllivl!, ll ('on(lition whi('tl hu,_ no1 I)een inv(,sli-

gnle_l f)reviously.

I?or lile pili])ose._ of ('onipuhilion, ll[(, vuilu,,n of

I( i w(,'o roun(led off to the nelir(,_l ilileger; llnl_,

a<,-- l 1l) ° ]t'l-- 10

_.--90 ° A'l 4

ao-- 71)o N1 -- -- :{

As sh( Wli in figure 13, lhc ('oniro| is _'fl'('elive (,V(,li

W}l(_li I{l iS ll('gltlive. The efl'(,(qs of (']llillgili_

d(uisil. together wilh tile stabilizing ('onlril)ulion

(if lira d,, tel'ill hi lhe ('onlroih,r lt('i lo nullify lilly

rapid li('reli_e in Ill|g|(, of llllli('k wtii('i_ wouhl in

Itlrll iii('r(,lis(_ the (le('ei(u'lilion t)('.VOllll the (lesire(I

liniils When lids type of conlroih,r is use(I, lhe

(liffere ires in |'ill|g(, (tue lo llie |nil|ill difl'erence in

liligie of llLtii(J,_ ure very i)rOllOUli(.e(]. Wilh refer-

ell('O [(i Ill(, o_o:90 ° ('il_(, lhe l'illlg(, i_ (t('(q'elise(] })y

ill)out 7D0 miles wheii ao:l 1() ° llii(I incrlulse(I |)y

lil)Olll 900 niiles wllell oto--. 70 °.
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FI(;uu_; 12. Comparison of lrt_j_'ctory (tata, skin h"m|)('ralur('s, and aerodynamic hI'at-lransfur rah's for inilitd flight-

t)ath angles of 1 °, --2 °, and 3 ° whmt trajuctory is conlrolhvt with _::!)()o =('OllStltlll :|lid oz :!)()°:'251)(_ n.

I'o = 25,863 f('['t per s('cond ; h o= 350,0(}(} feet.
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FI_;rRI£ 13. ('Oml)arison (ff trajectories controlled with

=a<, - KVI.- 2500. wh(m iifitial angle of attack i_ 1 10 °,

90 °, and 70 ° and llw value of Kt i_ a flmction of this

initial an_h' uf allark. "(,,- I°; 1"o 25,,'463 feet l)cr

_vctm(|; Do 350,000 feel.

'|'RAJE('TOR|ES FOR Vk-H|CLI.]S TRIMMED AT ANGLES OF

AI"TACK LESS THAN 11(f'

In the pre('e(ling se('tions it has been shown

that th(' dc('(,h,r_dion (hiri.g reenh'y may t)e
limited to sm_fil oscillations about some mea.

value when the .ngle of alta('k is redu('ed from
90 ° to some h,ss(,r vnh.' _s a fun('tion of a,, a,.I

6.. When th(' angle of entry was greater than

- 1°, however, large ('hang('s in aN_'h' ()f lllta('l._

were ne('essary to I)r('v('nt large overshoots in
der(,h'l'ation. By ('niq'ri.g the atlnosl)lmr(, at

ailgh.s of ntlarl< less than 9()°, it may t)e possit)le
to ohlain a ('Oml)romise l)etw(,(,n drag and ,h'-
(.ch, r.tion whi('h wouhl _dlow smifih.r .rid even

h,ss rapid rl.mges in angle of ait_wk and still
retain . high ndio of w.v(. dr.g to vis('ous dr,ig
in order h) minimize t.,ati.,.., of tire vNfi('h,. I.

ligtn'e 14 traj(,('tory data for four entry angles are
shown for the romlition wh(,r(' the an_'h, of alta('k

is held ('onstant nt 7!) °. For entry angles up to

-2 ° tit(' (h,(,eleratioll was limiie(l h) 339 while _ti,

a 3 ° (,ntrv the deceleration re.('hed 4.Sy.

lh)wever, these v.hws represent, an .pl)r('riat)h'

redu('tion in de('eh,ration over the S.q to I l.q rang(,

when the angle of attack is h(,hl ('onstant at 90 °

(Ire'tug the entry. (See fig. 12.)
A ('oml)arison of the aerodynamic h(,_d-transfer

r.tt,s .nd vt, hi('h, skin tenII)eratures is sllown in

figure 15 for the a:90 ° and _=79 ° cases anti for
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70 , deg ,As, mites

6 -5 944

.... 2 ],271

// _ ,
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2,01 0 ' j-q_ - - --
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0 I00 200 500 400 500 600 700 800
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Pl(:rRl: 1-I. (_onli)ari._on of lr.tj(,ctori('s when angh! of at-

ta('k is held ('onstant .it, 79 °, Initial flight-l)at]l :tngh!s

are :_}_o __]o __20 ttll(i ,,{o. i'_> 25,863 fl'('t per

s('cond; ho=350,000 fl'('(.

2,400

z
_- I j ,00

"5 _0©

E

ILI[:IL;III;;I

30

7o :-3 ° a, degi
% f_,,/ 79

20 x'_ 9o
2 [ _' _ !7o : -I °

_ I0

© IGO 200 500 400 500 600 700

T_me, sec

[?li;I'RI 15. (!onll)ari_on of skin l(.nll)i'z'nlllr('s aii([ nero-

(tVllt llii(' h(!:ll-I rttllSf(.r l';ll ('_ wh(!ll ;tlIKh' of atlack i_ h('hl

('(ili_ illll al 90 ° "tiid 79 °. i)at:t :ii'(! ._]iOWil for iiiililil

lligh -l);ll h llil_i(,,_ of - 1° illl(] :{o l'o 25_81i'.l f(.el per

,'<('('oi d; h. : 350,()00 f('('l.

('tilt'.\" niigles of --1 ° Inl(l 3 °. _Vlien tile ('nt, ry

iln_'h' wlls --1°, tlic vehi('le niliinblhie([ ill, _=7(i °

had a tower lierollviiltllii(! ht, lit-t,l'iiliSl'er l'lllo iilid

il liili>inlllin skin (('II'U.| 0._,) l('ilii)el'Itlili'o lliaL

wlis 1,)wer by 100 ° R lhiili lhlli for the vehi('h'
lnllilil iilie(I lit, _l 90 °. 'l'()(.l heat lrliliS[(Tr(xl to

the _elii('h_ l,in'ough llero(iynltniic }loiiliiig, Its

nleltst ro(l l)v the time illt i,gl'al of the llel'otlyllilnlic

]loitlil g rill, c, iil)i)ollrs to tie one-third g'rei_h,r whl, n

l]l(, lll_gl(' of lltt, ii(!k is hehl lit, 71.) °.

Till, Gio-- --2° ('aso is lit){ shown ill _igiil'e 15
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sin('e it afforded no tt(hlili<)md information.

When 70----3 ° the nmxinnnn values o[' aero-

dytmmi(' heat-tr+msfer raie and skin t(,m|)(,rature

are about the same at either ,mgh, of nlta('k. For
both entry angles shown, th(, total he,d tr'ms-

ferred is eonsi(h,r,d)ly in('rens(,d when _--79 ° us

compared with the a=90 ° ease. Th(, i,wrease in

heat transfer m,o_ hi, further <'Oral)areal with the

cases shown in figure 12. In figure 12 the angle
of attack was i.('re,lsed t() angles greater ltlan 90 °

as soon as lhe ([ee(,hwation lind ])e(,n ('he('ked,

rather than held ('OllSlltlll _tt, 79 ° throughout the

trajectory as was (lone in figure 15. It may t)e

seen that tile tyl)e of angle-of-att,wk ('out,rol used
in figure 12 results in a tolnl heat transfer whi('h

is Illtl('h low(.' than that obtain(,d in figure 15
when o_ is held ('onslant _tt 79 ° . This difference

in t ohll heat t, ransi'er may be iml)orl,ant for

vi'hirh's whi('h (h,pend to some d(,gr(,e upon nl)la-
lion m,tterials for h(4ll protevtio..

A ('OIltparisoH |)(q.wi,(,H (q|t,ri(,s IIIH/I(, +it, a COil-

st ant angle of alla('],: (ol her l ha n 90 °) and eulries

made with tile angle of attn('k varied (f,'om its
initial value) as a fun('tion of d,, is shown with

two exaInph,s in tigur(, 16. In figure 16(a tim
thne histories o1' a. and a are shown for a. initial

tlight-palh angh, of --3 ° and with a=79 °-100d..
The (,fleet of the nnlirilmtiou is to redu(.t, the

nmximunl vn|ue o[' a. by about 1.29 with a. 11 o

variation in a and to inrreas(, the ntng(, by 104
miles. The rate of ('hang'e of angle of alla('k <lid

not, exceed 0.5 ° per s('ri)n<l.

In tigur(, 16(1)) tr,Li(4't,)ry (h_tu +.',, sh,)w, for

the same condilio.s ns figure 16(.) ex(,(,l)l tlmt a,,
is s4 °. When tim angle of attn('k is held +tt S4 °,

the (h'('(,h,ration r<,+wh(,s 6.S.q. Wh(,. a is ('}mng(,d
in prol)ortion lo d., . 12 ° vm'iation in (, is su/ti(.hml

to ri,du('e the (hw/,hwnli()n by 2.4g while the rnng(,
is in('r(,ased by 110 Jnil<,s.

Front n numl)<w of su<'h ir'nj(wlorii,s n sumuiarv
plot of range Hll([ l_[ltlXitlltltlt <le('('li,rali<)z+ +is a

fun('tiou of (,nh'y ang'le is [)ri,selJt(,(t in fig+ire 17.

It was assumed in olHainilagr these ({ata l]mt 79 °

'+,+'timth(' ih'sir('d a.gh, <)I' .Itn('k but llmt +i 15 °
(,rror in a+, might o<'('ur, q wr(,for(, lh(, data are

given for initial values (tfa of S4 °, 79 °, tlll(] 74 ° for

cases wherl, +hi, d,, g'ai. is 0 a.(| 100. The (httu

show flint, wh(,n +hi, fi,_ ('ontrol is itwhuh,({, th(,

(h'('('h'ration is re(ltwe(I l)arti('ul+trly at th(, higher
entry nngh,s, while the rnng(, is ('xt('tlth,d 1)v less
than 110 mih,s.

Within the (utnditions inv('sti_zaled, the data of
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I:I(H'RE 16. Comlmrisotl of traje('tories mad(' with a--

a. K_a,_ wln,re K+ is I00 degree,/g/s<'eond and zero

(constant a). To-- 3°; 1"o 25,863 feet l)('t" second;

h,, :::::{50,(100 feet.
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t"I_;URE 17. Range till(| lll_tXillllllll decelerations as a fllliC-

tion of tilt" initial fliKht-path angle obttdnvd front entry

trajectories where the lift-draK ratio was controlled by

ct or, - K26t.. 1"o 25,863 feet pot socond; ho ;{5(1,(1(1()

feet.

figure 17 imlicated that

l{ange "-'"y.-"" _s

when the anticipation control is included. The

hinge does llot exa('tlv follow a power relationship,

howev ,r, wlwn the angh' of altaM,: is held _'onslnnt.

"I'RAJEI:'F()I{i};S MAI)E AT A CONSI"ANT RATE OF IIENCENT

In s, wentl places in th(, pre('eding se('tions it has

been p,)inted out qualitatively that rate of descent,

and Jllaximum (h,c(,leration are ('losel 5 related

during the almO._l)h('ri, entry. Al](,n and Egg(,rs
(ref. 1) trove shown l]mi, for _t nonlifiing body

l)assinz through the atniosl)ller(' al a large ('onslant

Ilight- )alll nng](, (v(t) ",/., fol'('(, of grnvii 5' being

nt,gIe(' ('(t), lit(, maxi..tml (h,t'(,h,rntion ol)tnili(d
is dirt, 'lly t)rol)oriiomd to the vt,h)Mty and rate of

th,s('t'nt. This l)rOl)Ortionality ('an t)(, show, to he

mort, ven('ral thun the limitations imply. For all

lraje('lori(,s, inehlding thos(, initialed at smnll

Ilight-mlh angles, the ('on(lilion of maximum
(h,('tq(':mlion was deriw,d as e(tualion (IS). Wh('n
1" sin "r is rt, l)la('('(I with )_, equation (1£) _'an I)e

arranged in the f<)rm:

(a ) :I'!' { , 2_.111"_
'........ 2qlI sin a \1• , t-p<)

(a,,).... ---' - 2gI[

The approximate expression is ('omp.rat)h, to

that riven (with some diff(,r(,n('(, in symbols) in
ref(wel v(, 1 and the limilnlions may I)(, seen t() I)e

lhat _ :90 ° since for high-drng -l.w-lifl v(,hi(.h,s

%II /
in gen ,ral, vi: 2 "_0.01 when the mnximum (hweh.'-

lit ion _i('('/ll's.

A Sl,O('ial case of inter(,st is the tr@,('tory wh(we

the p lot nlilintains a ('onstan! rate of ([os('en!

during lh{, ell|l'3. 1( is 1)resumod thai the vehicle

is inh ally at an nngh' of altacl,: of 90 ° al 350,000
feet a ld has a velocity of 25,8(i3 foel t)er st,('on_l.
Tim .on(tilion of ('onstani rate of (h.st'(,nl is

impos'd. Sin('(, vt,hwily is Sl)e('itie(I, the initial

flighl- ruth angle determim's an initial magnihule
of ]_ a ld th(, angle of _ttla('k is lhen varied su('h as
to nm ntain tim (.ondition }_(l)-- "h,,as long :is it is

herod 2mtmienlly prac't ical.
Tht dewqopmvnt of lhe equations used to enl-

('uhth' this tyl)e of enlry is given ill apl)en(lix P,.

(By l.lte use ()f ('(,'tain approximations, nmdyti('al
soluti_,ns may I)e ot)laim'd whit4t are wdid for a

lnrg(, Imrt of each trajt'elory. Ttie approximations
and tl,e close(I-fornl s(_lutions art, giv(,n in al)l)emlix

(L) _boln th(, equations of appendix B, time
histores of (,onstant-raU,-of-dos('ent trnjet'tories

are pr(,s(,nted in figure 18 for four (liff(,r(m! rates
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of descent deterlilined liy the four initial Ilight-

path angh's sch'ch,d.

The data indicate tluit tlu'mlghoul niost of llle

traje('tory ovlly li,)dei'nh, <'hlnlgeS ill angle of at-

lac'k are required for this tyl)e of curry. 1l is
fin'|tier showt_ Ill|it lllil.Xillllllll de('elet'ation oC('lll'S

nt the saint, v<qo<'itv (= 13,1{}0 ft/se<') and a|)out

l+ho Silllll`+ all|tilde (+178.000 feel) reg+u'dh,ss ¢if
the l'nte of descent <'h+osen ttlllC[ that tlierefol'e the

Inagriitude of the tnaxintuna de_'eh,l'ation is u

linear fnn<'tion of rate <if" (h,s<'ent (or /lil.rllt-i)iltll

Ii ill.Jr, ) t)iily-.

A Sllliiilllirx. phil of tile vlirililion of i'_ill_p ||lid

de('elerillh)n with l`,ntr.v ltllff]o is showll ill [igtli'(+ 19

for tim i'()nslnill it, Irlije('lol'ies. The iili(,lir Vill'i;i-

lion of <le('eh,i'lltion witli iiiili;ll tlighl-path nnsie,

is giVt'll Ill,"

(t+.) ..... : -- 4_,,,

where 7. is in di'gi'ees. ]{ililgt' folluws a 1)ow('r

rehltionshil) to |nil|ill tlighl-i);itii illigll., given liv

-0.$7
A,_" ,--- 7o

bill the sigllifMin(.<, of this flirt is Ilot ovitlcllt.

ant;1,l'+" OF ATTACK Com'rroi,i,ED AS A FI'NCTION OF
TI+;IVIP ER A'r IIRE

+Nornl;ill.x, hi Ol'th'r hi (+olill'ol lhe (h,l'oierillion,

il would ;tl)l)enr lo |)e tl<i+i+'ItlltiigeOllS lo oliSel'V/,

dt_<'l.Jerlilh)n ;ind viir.v lhe llllgl(, of nlln('k ;i_'('Ol'd-

inffl.v. It ]ill+ bO{,ll sllowIi, li+owt, v(w, lit;it b(,t'tillSO

(if lhe tinle rt,<lnired It) chiuige lh¢ Ilight l);llit ii

rel'tilili lilnotlnl of iilllit'il)tilion shl`)lil<l lie <,iiil)|ov(,d

in the ('<)Jill'(l] of ;tligle of iittiirlc ;ili{[ lllitt <+j,,, 3',,, l`)r

ho ('till tie tlSe<] 1o _1'¢(, lids iilili<'il);tliOll. A I)ilsic

lriije('l/ir," v;lriiillle whi('h liiliv illS|`) ('oliltlili tim

inforinnlion n._eful tl`) itt(, coiitl'<)l of })olh h(mlinff

illi<l d(,/'elertili(in is lhe skin lenii)erilttlre. This

viii'ilibh,, Uillikl, _,,, ran 1)(, nieusul'ed (lii'e('tly lind

in $o111¢ <'iis(,s Ill;iV len(I to leli<l tile <le('('lel'iilion

and lirovhle the re(tuired ltnli('il);ilioii. Sonic of

lhe qlilinliiies l)erlnining to the skin leinl:lernlure

ot>tliilit,<l till il velli_'h, dlll'ing till elill'.X-;1l'O illus-

ll'iite<l in tigui'e 71k

_hl`lwn ill figlll'e 70 tll't' the r,iilCliliiled ditlli, for li

lYl)ir;ll tinie liislol'.'+- I;,t all ;iiniosliheri<. eillrv.

The altitude lit the slilrl of the lit|it, history is

550,{11)/} h+et iilitl lhe <+ondilions ill 151) se(.Oll(lS tire

D 35{i,0(ili ft, 1" 2D,,_ti:/ ft,/stl{ . , _ ++l O , illlll

(+ 9t1 °. The ini_,'h, of ntili<'k was lMd ti×('<l at 9() °

(hu'in 7 the enlil'e tl';ije('lorv. Tim fluilntities

showii ;ire: deueh'rathili, (l,j time |'tile of ('hill|SO
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of dec ,h, rittion, 6. ; skin leniperi(lure for n liliit lit'eft

of lntltlu'iitl }iilvhlg it heitl-<'iil);i('ily f;trtor of It.,+q,

7'1, tit.t] nllileriill }iliViliff ii helil-t'iil);l('iiy fiil:'h)r of

0.2, 71"; the fl'el,-streiiiil t(qli])(q'ltlllre , 7'_ lhe I'iile

(if <'tli+llSe i)f the two skin l/qiil)eriilur(,s , -_'i l(ii<l

I"[+:('R1; 1!i. ]{:illl[,l' ttli{i tllttxitntllli decel+'r:ition :is tl fill|O-

lion _)f lhl' inilial fli,l.Jil-i)alh nli_h + lllllltinl,d froln itt-

ino+l,htric ¢iilt'ie+ lli:td(+ :it (+Oll+ttllll i'till,+ [+if d(++(,l,ill.

V. 21i,000 fl'l't l)l,r Sl't!Oilft 7 h<,= :15(),(}()0 feel.
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FII;7:I{E 20. ('oilil):Hq_Oll I)f de('eh,r:di(m, liqiTl)l,rt_ll17'( _,

:777([ al'ro(lyll:tilli('-hl.:itiil_ (i:il:t ('lli('tlllltt'(] fin' _l lyl)i(':7i

;itiiiosi)h(,ri(' [,nti'y. h,,-,r)51,:113.5 fl'('l: I'<, 25,6:?.L2)

feel ])[,r se(,oli(I; "Yo 7.96 ° . (At 150 sc(,olids,

h :/,5(),0[)0 f(,i,l; 1" 25j863 feel l)(,r _t,(,(ll7(I; ;ili<l

")'o 3.0°.)

71 , lin(I the h('llliii 7 rate lo the ._kin [1'o111 the

|)Otlillhtry ]Ityi'r, (Q,/= |) .......

It ]llllv |)c SeCli l hal, 7'_ {liid an ]lliVl!_ in _2'(qlerlil,

tho s_ll/ll' sh:li)e iili(] ('ll('h l'(,_i('hes li ]llaxilIllllll lit,

about l ho sillilo t inle. |Jkewi,_e, (l.,_ llii(l 7'i hllve

lhe siilli(' sti'/l)(', t)olii go lievitlive Ill lhe siiill(,

t,ilno ll|lhouTh T1 I(,a(I._ _i. hy lll)OUl 20 ._('('()li(]S hi

r('li('hilig a nllixiniuiii. The noro(|ylilililic healhlg

|'all' ll[)|)olirs lo lie ._ll'ollT'ly hlllti(qi('('([ t.)v llie

liliie rlil(! or (.hliiig(, or (h,liSil vor ([yliliini(" l)r(,,_._lll'( ,:<

sin('(, it lll._o r(m(']i(,s li ]ilaxinlunl wilh d,.

i l))rlltlI]li(* llrl,ssllrl, II:i_; lhl' !411Ill(, lillll _ liislol'y iL_;an hill h:|s th(' lllltlZliilllQ( _

II'LW ll-/W 20

q= (,_ll_licre (, 1 =i•71b,,'sqflfor:lll r;lil'('lorii'sll' hisr_'l)(r. ],ikewise,

• lI"iN.

if= (,_ fin. ]tyiwgh,('tiil_lhi, v:iri_llioilo[T, ili':llll)(,_ho_tillhal((_l/.I)_,,o

_(]:.:lp--i*05 'l'hll$,lhl, t>l'_l<i,lorpolllh(,hl,:liillgrHtt, i_,lhtllof:l, llt,%])Oll(,llli[i I

ill'(>rP:lsc ill ;llIllililll(ll' _t It|I'll _,]lifl_4 Ill(' pelik mlil_lli[lide (If lh{' ]le:ii-lr_lllS[l'r

l'all) ahead of IAl_, peak di?ot,h,l'li7ioll ii1 l[llw.

V_qieli lhe hisullite(l unil lit'eli of Slli'l'll('(, ]naicriltl

is ('lilliig(,(1 |)y usinl_" It (till'eronl ]lililerilil or li

([itt'(,ri, nt i lli(']cn(,ss sli(']i lhllt, its ileal ('lll)ll('iiy is

re(hi('('(l })y II rli(.lor O[ 4 ((_l|'l,lA r('du('e(l fi'(inl

0.8 tO 0.2), t,[l(' |elll[)01'illll]'(' 7"7" hl('l'oils('s ]lloro

rllI)i(lly lili(I reli('li(,._ li lii_zller ]lhixinllllii Yii|lle

SOOli('r ihlill lhe ]nlll(u'ill] with llie higher heat

('Ill)|icily. Therlq'ore, t)v ll(]jusihlg lh(' hi'Ill, ('iliili('-

iiy, lh(' llqiii)orlillll'(, (qiii lie }iili(le t() lead lho

(le('el(q'litioii lili(l Io i'eli('h a nlllxiinlllii Ill llt)oul the

siiliieliin(,iis_,, llyushlgihish,ll(t,il waslhoul_ht

llillt. 7'7" ]niglil extlil)ii ('hllrli('iori._li('s silnillir t(i

(_,, hi |,lie ('onlro| of ling|e of ilt,hi('k. Trli.ie('iorios

('ov('rili_Z the rllligt'-of-elili'.v liligh's w(,l'lP ('lll('liilil('(l

tiv using A]'7* (|)llso value WllS TIt nl 550,0(i0

feel,) to ('ont, rol liiig|e of litt li('lc ti]l([ l tie l't,Sll|ls |ire

shown hi tigui'e 21. I1. wlis [oun(l llmi liie irlt-

j(,('lori(,s were liinlosl i(h,llli('7i| Io iliose ot)lahied

wit.h the a _.a, ('onl,ro] or |ignro 7. At lilt ellll'.V

lingh, of --3 ° ilie lead ('ff('('i h('hl the (]('('t'l('i'llii()ll

7o, deg Ks,deg/°R

61"- -- - I 0.0050
|

I- --
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FisH•ill,: 21. ('(lill|):Tri_oll ()f li'aji,('iiirh.._ (ulliir(ilh,d with

(3_:=!){) c ./k"3 [7'1 #; (_/'j'D:),'li'lil,(i[Hj] wht'71 il/iii:ll flighl-tialh

Hllgh,s liT'l. 1o . 2 ° ll71(] :{o. I'o 25 8(i:_ feI'l per

s('('i)iid; ho--:l_(l_Ol)(I rl'(q.
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to 4.¢1 but lat'ge oscillations in dec'eh'ration still
occurr('([ as tilt'++- tlid with tile a,, vtmtrol. A

further' disadvantaKt' ill tilt' lisp o[ T I oi' 7'i* lies

hl tho pract'h'al uncertahtty of choosino' It gain

for +t varial)h, which does not start from +l lirnlly

estal)lisht'tl bast' vtthle. ()It tile t)lltt,r }ittlltl, th(,

fact that' J+t has at)trot, tht, same variation as d.

during an entry lllltkos _'1 appear prontishtt.Z as It

varhtbh' l'ot' contt'olling" ungh' <)I' at the'k.
-+

[)nt' further' coml)inat+ion of varhil)h,s wltich

al)l)eavs to tdt'er strait, promise is the quantity

T_* 7'_. As can be seen ft'om figure 2(1, t'he

difF(,l'enc(, Tt* '/'t is zero at the start' of the entry,

builds up to a positive lltttXillltllll bo[()l't' (+,, ttlltt
t)cconles nt,_aiive lit. about' t'tw same lilIl(, Its d,.

A sttldv o[ It ntLnlbet' of trajeutorh's shows this to

It0 tt +<'Iltq'itl chttl'ttcteriMic ttlttl tirol the llltlKltittl([0

oi' Tt*--7', th,crt,ttst's with t]t,creasit,_ entry ankles.

CON('LUDING REMARKS

Numet'icaI ('<)ml)ttlatit)ns have l)('en n)ttt]e for

the traj(,cttwies ()I' hig'h th'a K vehicles enttirit+g' the

t,at'tlt's tttntospht,rt, at large angles of attack autl

t)t,t'tinont ([attt I'ronl these colnl)utations lilly(, ])t'('ll

l)rescnt(,(]. Vi,'[lOll the tl'ttjt,('torit,s were c:th'ulate(I
it was aSStlllttqi that augl(' t)f attack ctmhl bt' i)et'-
l't,<'tlv uontrolh,d +is tt futwtion of some ]nt'asuretl

tluant it.v, ttt,ltl const.ttnt tit. sottto spt'cifit'd vnhlt', o1'

m<)vt,tl {hl It ct)ntinuotzs mnmwr) tt) ]naitltahi one

of tilt, otht,r Vitl'itt})l(,s ill SOlllO coils|hill vltluo.

Th<' t'estllts rt,prt,st,nt hlrKt,-scah, tnotions o1' a

vt'hi<'h' whi('ll is Calml)h, of prothi<'il+ g lift whih,

descending inh) the ea/'th's atnmspltt,rt, front

initially slnall ttigltt-l)ath ang'h's and near-satellite

velocities. Newtotdan flow was assttnltql in cal-

cultttinK the ltt'I'od.vltltlllit' l'<)l'<'t + on tilt, veltich,

th]'.uglt tilt, tt'ajet'tt)ry.

The velocity, all|tutti', flight-l)ath ang'h', and

ttng'h,-of-attnck t't'tlUit'entenls llt'('t'ssltl'%" |o ]llaiil-

lain (but not t()t,stal)lish)C()llstant ([(,<'eleration

entries oi' lp, 2+.I, :{¢,I, and 4¢./ were ('ah'tl]ale(i and

list,({ its It gttith' ft)r th'terntining nlt,thods tif con-

trollinK the ang'h' of attat'k st) its it) limit tilt'

decelt,ration to tilt, arbitrarily cht)st,tl valllo t)f' ;{g.

When the att_le of attack was chnng'etl I'ronl 90 ° in+

proportion It) the dt,ceh,rMiotl ozdy, it was f't)und

that deceleration cotfld i)e limited to the vicinity

of 3.+l Its long it,-4 tilt' initial flight-troth ang'h, was

tln([('I' --2 ° })tit tit 3 ° tho control was inatlt_quatt,

antl lat'ge oscillations oc('tttTe(l al)otit this tne+tn

vnhte ,)f dt,cehw.tion.

"xVh 'n the ankle of ntt.t'k w.s ctmtmlh,tt +is a

fttncti )it 0[+ (t,+ and +}. ft't)nl its initial value <)f 90 °,

(h,ct,h+rat'ion cotthl l)e hehl t'<) ++ maxhnttni oi' 3¢d for

all entry anglt,s t'o 3 °. Trajt,ctorit,s vvl.,re angh'

oi' atlacl.: was a fttnction of d,, <)nlv likt'wist' had

tt|)ottt flit' saint, ntaxinnHn valuo .1' (](,ct,loratit)n

at all ('lttl'.V iillg'lt'S |)lit. ttu' [t'vt'lof this llli|Xilllttltl
dt't'eh'+'alit)n was larger (alttmt 4.7 9) l]mn xvl.'n

angle if att'a<'k was a I'tmctit)n of t)oth ¢1,+llntl cJ,.

l{nt+ge and th,ct,h,ration data vvt,t't, l)rt'sento(I I'tw

t, rajeu_ories where angh' of attack was Iw[tl c<)n-

stltnl at, valttt's of ,"44° , 79 ° , and 74 ° and for tru-

jt't'l<)t'it's w]wre tingle o1' attack was ('hilllgt'([ ['l'()llI

t]+(,s(, vahtt,s in ])rol)ortion t() d,,. It was fountl

that, when lht' t'ntl'y _.x'_ts illititttet[ at lh('se lower

ang'les of atl;t('k tit+(| then vat'it'<l as u I'ul+('li(m t)f

d,,, sr:l:tlit, t' and lt'ss r:tl)i(] chatlg't's in an,d]t' t)l'

atta('], wt't't' necessary to It('hieve th(+ (h,sh'od h, vt'ts

t)f th,'ehwatit)tl than '0.'t,rt+ n(,cessary" whtul a,,

%VtIS _,)t )o.

Tht' angh,-of-attack rt,qttit't,ments lleC(,ssary to
llltlinlttin (.OllStltnt l'ales o[' th,s('ettt' 1]wt)ttghottt the

entry wt,re investigalt,tl ;trill were fottn(l to t)e vt,ry
moth,rat t,. ]n ltthliliotl, the maxinttml th,t't,lera-
lion i; it linear I'tnl('tiolt of that rate <)f th+s('t'tll

only, u.[ lht' :tltitt.h> unit vt,locitv :it whi<'h the
lllaXil+ltllll dt'('('hq'atiOll <)t'('tll'S ;tl'(' "virttlttll 3 inde-

pen<h' It o[ t h(' l'ato t)l" <lt's<'('lll, ('h()s('u. Thus, for i_

vehh'l' of _ivt'lt wing ]olitlhil.r, lhe llllittttte nlid

vt,|t)ci:y Ill whi<'h ihe (h,ct,|t,rilli()n rt,ll<'}ios ll nlitXi-

IlltlIll will alv,'ilys t)ti the Stllil(' I't,glil'(]lt'ss t)t' t'lilt' of
des('ei t.

By rising ii _inip|e nlotiel ()1' tlie t'Xl)Osetl skin

stlrt'It( {, ot7 th{, vehMe, lho h('lllin 7 l'al(,s ttl)(l skin

t(qllplritllll'(,s Wt,l'{, c_tl{qllatt,<l for il llllIitl)t,l' of

lheso l i'aj(,ctoi']os. [t, wlls ,_liown ltlltt, w]l(,n ltie

ttligle ()[' lllt lt('k is r{,dll(!t,d i'i't)iil 9() ° to 79 ° lip is

Viil'i(;t its n I'lin('{ion of t},++wliiie ittc th,('(,l{,rlilion is

('onl r_,lh,d, t }l(' nilixhntlni riih, of li(,ro<l.vnlinii{" ]i(,at,

trlinsltT l() i,ho skin i._ rt'du<'ed, ltit' ]nitxhnuni skin

t't,nil)i ralur{, of the vehich, is virlulil|v uinifre(,It,<],

iilld ttl(, lt)tlil }i(,ttl i() Ill(, vehMt, is slightly in-

i'l't'list i1. The in('reltse._ in lolltl heal ll'liliSl't'l" ('nil

I)o in ninlized I)y |tohlin_ the nllixhntlnl th,sh'ed

de<'eltrlllion for iis niuc]l of I]iis t,i'ajech)i'y ils

po_sitlo since totii| heat hl(.t't,lise_ witil the toial

lhne o cnler.

T]l,, fellsit)ilit.y o[ usiii 7 It ,_lillil| insulai(,tl sect h+)n

of th( skin foF ltqnp(Tallll'e lneliSlll'elnOllt'S niid the

llSO of tho lllenstli't'd teinl)('rlllllrOs for anglo-of-
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attack ('otttrol was investi_atetl. Skin tempera-

ture had the StlIll(, tinm-hislory ch_mt('tt, ristit,s as

dc('eh,r_ltion, nn(l t:he tim(, rates of change of' th(,s(,

two vavial)h,s wt,ve lik(,_vis(, very simil_tv through-
out tim t vaj(,t,tov3 _. Teml)('v:mm's ('ould be nmde

to lead t,h(, (h,('('h, valion by ro(tu('ing t,h(_ heat

('_qm('ity o1' lift, mal eriM. Wit, h and withouL this

lead, lift, use of l(,mp(,t'_lture to ('ontrol angle o['

atht('k produ('t,d tv@,('lovi(,s very simil_t' to those

obtained when nngle of nt,ta('l¢ was ('ontrolled by

(h,('(,h,ralion.A siml)lemeans of _mlicilmtingth(,

in(','(,ase in (h,('(,h,v_tlion and healing rates is 1o

mt,nsur(, the (lifft,vt, nce in tt'ml)rralur(' 1)et.wern

two _F(Ijn('(,nt st,('lions of the skin of the vehi('le

having diffm'ent, h,v(,ls of ('omht('livil.v.

|,AN[;LEY [{ESHARCH (!ENTI';R_

.-%,'ATIONAL AEIi_()NAI:TII'N AND _PACIg ADMININTRATI_)N_

LANGLI,iY 12Ilql,l), VA., ()('/ot_('l" l;_ 1 1[¢:-_S.



APPENDIX A

EQUATIONS FOR CONSTANT DECELERATION TRAJECTORIES

The basic differentM equation_ for tm entry

into Ill<, earth': ,itmosphere are

- =--a,, sin _--sin T (AI)
,q

l_- I+ sin T (A;_)

For COllStaiH-dl,eeh,ralion lrajectm'ies, it is flu'tiler

required lhnl

(',,..o, _, :,,u_-:+ ('<)llSlan{
a,, --(t==211_,: N

(A4)

The ol)je('l is to find the variation of nngh' or

ttltl|('k whMl will slltisl'v [liege e(lll_lliollS lit ever.v

point on till, lr_ljeelory. The other varillhh,s are

dl,l)(,lldeul on tilt' [)rt)l)er ('[l()il,'t' ()f _ and llley are

(h, lermitw(I ill the process.

Frmn e(pl_Ition (A4) tilt' l'ehttionshi I) between

llltitude and vt,loeit 3- for the ('onstant vtllues of

de<'eh, ratil)n lllll], x'.;ill_£ lolldillg is given It),+-

( ',,,p,. I ""
(A,_)

The e<)ndition lllat ++,, l)e zero (see l'(l. LIT)) lh,fitws

:1 lle<'t,sstirv relationshi t) lwtw<'en ]+ +trill 1"; llttlll('l.v,

A st'('ond difl'el'etHiation g'ives

Thus I+ and its time (let'ivlttives are (h,lin('d in

terms of l+ and its (h, rivatives.

Till, fli_llt-l);}.ttt _lllgh' may |il,:ewist, l)e rehtte(l to

'+'4

velo('il v. From t,(lttations b\3) nlld (A6),

1f)
",/=silt- 1"

"r:=Sill I 21(1 I" (,"kS)

l)itrl,rmltinting e(Itmtion (AS) and mnMng the

sill)st : t ut ion

r ,2lI (.):_],:2 lag)
viehl

If: ({:7]211 --2 (A1 (I)

Th' lime r_ate <)f ('ll+lttge of vt,lo('ity is derived

frolll I'([llltliOliS (Al) tllld (.A_) ill lel'lllS O1' angle

of ..tt_lek and velocity as

(._--qa.. Sill G

,, (A] l)

l)itre'entiation of e(lulilion (All) with resl)e('t to

time and elimilu_tion of I" gi','_, tm expression for

the s,,('oml (h, rivativ(' of vehwity

(++ • , '2till I

\ IT I.:_ ]

(A 12)

E(tu;+tiol_s (A2), (AN), (Alll), (All), an(l (AI2)

toget:ler with tnl e(luntion for & reprt,seld six

('(|till ions with six IIIll,;.II<)WIIS ill 011l'h Vlllll(' O1'

lime. Th(' e(tuldion for & is lUlSl)e<'ilie(I l)ul one

may I)(, mllnul'n<'tured ill sew't'_ll w_Jys, the mosl

(,our ,ni<,Id l)t,ing

a=_ '_ i" (.:,,I :+)
I",3

'l!hu_ for a given chlmge in velo<'itv equations

(A11 ) lm(l (Alg) (h'l)ell(l ()nlv ()ll the v(wresl)(mdillg
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chan_e in an_le of atln('k. The illt('_vatioll

l)ro('ess elli(','s ill(' equalioHs (rely through ('ah'ula-

tion of the & t('rm a v'H'ial)lo which is g(,ncrally
small. Sin(.(, a ('onslant-(h,('(,h,vation (,ntrv is

1)(,i]lg ('onsi(h, re(I, _Yshouhl I)(, v(,vv )wa]'lv ('onstant

over each ,.X interval or integration, lul th(, (.al-

culaiions of this I)ap('r, for (,a('h small r(,du(,tioll it_

velo('it'c t'l'Olll I',_ Io l'n_i, {'([lll|Iii)ll (il;'}) wits

applied iu the forIn

• % -- % - 1 1
a.= .. , : .._, (I';,+I'._ ,) (A14)

to d(qermin(, the i_lh wdu(, of &. Tho ('or)'(,Sl)Ond-
ing valuo of tim(, is given 1)y

+ I',,--I',, i

"-:"-' ,)

It is useful in d(,lernlining the initial v(,lo(.ity

1o ('oral)in(, (,qmHions CX2), (AS), (AI()), (A11 ), aH(I

(A12) into lhe following e(tuatiolls:

I" tan 7 .2_ sin____a tan 'y._{_(.,F1 l "2 (.os7 vo sa- a

"_"= i':} (A1 (_)

--2_./11_I,, sin c_ (AIT)
sin 7= i._+2:/iI

Tim.'.;, vcJi(,n (z,,, a, _).)_([d av(' sp('('ili('d, (h(,se (_vo

(,qmHi()ns (h'l(,rmi)w the ('om'(,spo)l(li)_' valu(, of
th(, v(,h)('i( v.

For a giv(,n (h,('(,h,t'atio)) Ih(, maxi)))u))t (,nit 3

angle is ol)(ahw(I wh(,J) (_ is ,()()°, _is may b(, see.

fi'ont e(lua(io. (:117). Si)_('(, (h(, (('H))s involving
d in ('(lualio)is (AI2) a).l (AI(_) b(,('om(, z(,ro wh(,n

is ,()0°, this ('onditio)l affords a]) i,itial ('o))(Iilion

w]wt'(, :dl (h(, vaHal)l(,._ ave ],:)lowtl. Th(w(,af((w,

a A!." i)H('t'val is ('hos(')_, a valu(, of o< i_ assumed

at the )_(,v< v(,lo('ity, a))(I ('qualio))s (All), (AI4),
(A12), (A,q), (A10), a)_(I (A2) are solv(,(I i)) that
ov(h'r 1o vi(,ld a new value of o_. An iI('ra(iott

pro('(,ss is us(,(l u))ti] the ,s,,<um(,(] and (h,riv(,d

values of o< are in agr(,(,))w))t. Tlw it('ra(io))

l)ro('('ss is (,asily h.n(lh,d o.. high-sp(,(,d digital

conq)ul(w a)_(l at the ]figher v,ht(,s of v('loeitv lh('

process is hi_zhly ('OHV(q'g('ll[.

A v(,rv goo:l al)proxi_))a((; ('los(,(l-for))) sohHion

is available l)as(,(l o)) the assu).i)(io)) that

si)) o:-- ( '())_s( a)_( 1.0

With

ittt(,/rai(,(
(i_,(,

where

lhL assu]))l)(io)_ , (,(lualion (All) )li:).v l)('

(o give the v('h)('ity as a fim('(io)) of

1 V 4- 29lI

When ]" _ Fiv(,n as a fim('(io, of the ti_w and
sill c_ is Ir(,a((,(I as a ('onslanl with a value of

tinily, tlt(, other varial)h,s tmt'c l)(, (lit'(,('tlv <'al('u-
ht(('(l it: follows:

--2:ilkt,,
_, sin _ I'"-+ 2_./11

+:, I'>' ";3cos "_ I;--2(,.i `

h llh)g, ('to,, l "_-
211"/'N c_,,

A>

/i= 211 A;

(A 19)

Nlaki)_g tlt(' i)_di('a(('(l sul)._tilution_ in ('(luation

(A2) or apl)].viu)g th(' assuml)ti())) Io ('(luatio)) (AI6)

then yi(,hls _tn (,xpr(,ssio)_ for o_(t)

c_= "1 2q/l" 2_-_, 1 (A'20)
(+ i") :/" ""

This al)l)voximnl(' solution h'a(Is to results v(,ry

('los(' to thos(, ol)taim,d l)v t h(, i((,v_xt,iv(, i)_((,g'ral

m(,(]io(l as lo)_ F as e_ rc,nl_)ivis near 90 °. |[ow(,vt,r,

lh(, sohH,ion b(,com(,s imn_.'i)mry wh('n the quantity

At. this v(,lo('itv no veal value of"( exists v<hi('h

v<ill satisfy the ('(luatio)ls.



APPENDIX B

EQUATIONS FOR CONSTANT RATE OF DESCENT TRAJECTORIES

The tmsi{' equations fop t vajeet,ori{,s iuto the

t'aPth's atmOsl)ht'Pe where rate of descenL is
maintained at some {'onslant value are _iven I)y

-- a,, sin a--sin 3' (B1)
ff

:I'_ )l'+=a, {.os a+( i/;:-- I cos 3' (B2).q

J_ /_0 I" si. v (B:_)

¢ 7p,_ e ,,m I "_ (B4)
""=21U/X

From equation (B3), the following" vaPiabh's are
eXll'aeled"

/; _/;,, (Bs)

/_ - L,,t +h,, (B{_)

v sin -_ _'' (B7)
I"

--I'" tan 3' (BS)

Equation (P,S) expresses the cequit'ed Pelationship
betvct,en "_ and I" ne('essary 1,omainlain a {'onstant

rate of descent, and relah,s e(lUalion (B1) lo e{tua-

lion (B2). P,y sut}st.itutin_ equation (B8) inlo

equation (1I},2) to eliminal(, "_ and then using ('qua-
t,ion (P, 1) to eliminate (2 the following relation-
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ship h,lween 3'and a is ohlained:

_r 2

a. cos (a+ v) = 1-- - coJ v (Bg)
fir

The]'el'ore if 1" and "i' ave to t}{' P(,lah,d pPoper]y,

tl.,n c..mus! follow the Pelationship

I'_ ('os_V)] (BI0),[;::(,
If the initial values of b, 12 and _ (or /_), arc

Sl}eciIie(I, the other vaPia|}h,s may 1}t' ('alcuhtled a L
these initial collditions. An ild,.,gPation pl'O('ess is

used to establish al}proximah, values of I" and

at th{ end of thp given time inlerval. Equalions

(I?,6), (B4), (BI0}, (BI), and (BS) ave solved in

thai { rih'r and a new approximation to 1" and 3'

llllldC. "Phe [)I'O('{'SS IIIIIV l}O I'('p(qt,t('(] ]1}111 (!OllVi'l'-

gen{'e is generally rnl}id. Ft'oTn lhe ('ah'uhtled
value,' o1' I" ql.t y, e{tuati{}n (I}}3) is solved fop /_,

at theft poiut on lit{' traj{'{'i{)vy. Any itm{,{,uvacy
ill tilt _ illle_l'll|ion 1)Po{'ess will I}VOdu{'e an l;,dir-
ferent fl'om ils inilial value and ibis {,Pror is caP-

vied over t(} the n{,x! point on the tPaji,{qory.

Thus, lh{, vahws (}1' l; {'ah'tdatt'd at each point

along lhe tvaj{,t't{wy dep{,nd dh'{,{'tly upon the

{'lllllll ative a('{'lll'a{'v o1' Ill{, iIli(,._l'{ll]Oll ]}Po('es_

llll([ S,'I'VC IIS 1l lnOllSl.lI'( _ O[ lhal II.('{'UI'IL('V. The

effe{'t of these eProvs si_ows u l} in figuPe 18 as _t

slight del}arltIP{' of lh{, Pate o1" (h,s('enl from its
initial value, lit all{'ast'slhisevrorwasless than

3.5 l){ Pt'ent at lhe end of the (.ah'ulations.



APPENDIX C

APPROXIMATE ANALYTICAL SOLUTIONS TO CONSTANT-DECELERATION AND

CONSTANT-RATE-OF-DESCENT TRAJECTORIES

it lm_ been l)ointcd out that byu_in_lhe"Z"

function derived by ('hapman (ref. 2), certain

c|ost_d-fOFlll solutions can |)e made for the tra joc-

t orie_ of ('onstant deceleration tllld ('OilS|Jill| I'IL|(_

of descent. Solutions can also be obtained di-

rectly from the basic equations of this paper by

applying the at)proximalions used in reference '2,

and this method is used here. In so doing, it is

felt that a belier physical understanding of the

origin and limitations of each solution can be
retained.

For most of these (.h)sed-form solutions, it is

mwessarv to make the following assumptions :

(at ['ri is snMl; thus, cos 7--1 and tan 7 sin 7

(b) 12--a is small; thus sin a 1 and cot, a

--COS o'

r ,2

(() 21ii?>_>1

];
(d) -- =(t,,

g

Although these assumptions mar appear to t)o

I'IL|[IOI' reslrictivc, they _ll'egei|erally valid Oll that

portion of tile trajectory of 11,, most interest,

nam(,[3* , the ]'egiOl_ of mqximl)nl h(,ating and (h'-

celeration. It may t)e seen from equation (AI)

thai assumption (d is violated at the t)e_inning

of the entry when a,=--7 1)ut the effect is not

serious since i":/:.lis snlall at this point. At the

later stages of the entry all lhe assumt)ti<ms are

generally invalid.

(,hal)man's symbol for the ratio of velocity

along the trajectory 1o the initial circular satellite

velocity

_igr

is used in this appendix. Thus, for entries from

cir(.ular an(l near-('ir('ular orbits, 770 van be set 1o

unity.

CONSTANT-I)ECELERATION TRAJECTORIES

('lose(l-form solu( ions for constant-(h,('eh'rn! ion

traje('lories l)ase(l only (m lhe assuml)tion that

sit) c<-_ l are given in the latter part of al)l)(,n(lix A.

Further siml)lili<'_tlions, 1)ast,d on lit(' f(>r('g(>it)g

assuml)tions, h'a([ ((> th(' amtlvti('al soluli<)n,'+

which folhm.

I n vil'w of lhe asSUml)(i(lns, the normal a('('eh, ra-

lion a,+, its ('()ml)()nen( in Ill(' (lit'('t'lic)n of Ill('

velo('ity a. sit) a, an(I its horizontal ('(>ml)()nen(

o,, sit) a cos +7are all al)l)roxinml('ly tilt, same. For

a Sl)(,('i[i(,(l <.onstant valu(, o[' o,,, e(luali<)t_ (AI(,))

_iv('s th(' exl)ressio. Mr Ill(, tli_'ht-l)alh angle

--(I n --(_,

sin 3' =--
r --,, _ 45()i72 (C I)

2H _/-

Fronl e(luati<)n (A20) the angle of attack l)e(.l>mes

,_/_ ,, 5; +

711 _ (C2)

1 ___'2 ct,, [
/

-- " -- ,), .--c. Jo. _2;)u-

The in('rem(,ntal <'hange in time from u,,-t to _/,,

is cahqdated frl)m

--AI" SOS

yO,, (t,_

The incremental cha, tlg(, in range is given l>y

,j"- .A _- _" +it
_1+ tn 1

1 j'l;,.-_ l',,lI" (04)
r _" I "n I

I
+ _ (-_._,--g.)

2g,

27
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The Mtitud('-veh)('itv rohltion given 1)v equation

(AS) I)e('onies, in t(,rins of 77:

h u 1.<,,( ,.,

Wllen desired, lhe d(,rivalives of ih(, wtrious

vnrial)h,s are given with f(,w(,r r(,stri('tions t) 5"

(,(luiltions (A19).

('ONSTANT-RATE-OF-I)ES(!ENT TRAJE(!TOIt_IES

From equation (B7) the tlight-l)ath angle during

the (h,s('('lH is givell I)y

1., sin %,
sin _= V -

O1'

sin "v=_ sin v,, (C6)

The d(,c(,h,ration can t)(, ol)tnin(,d in ('los(,d foz'm

by inl egl'llt in,:

/)-V sin 7-Io sin 7o (C7)

<"4in(,(,

' dh
h dvl"

lllld

(l#l -_,_---

g

('(llllilioll (('7)I)('('Olil('S

--ga.,, dh-- 1"0sin 70 dI"

1)ividing bolll sides lly I "2, subsliluling for a,, its

d(,linilhin given I))- (,(lUlition (B4), illid hlll,l£1'llAhlg

froin hlithil to sonit, lirliili'lil'V ('ondilioli of 1"

iil1(I h givPs

( j'.,tt,--g .(,p,._[.h e-"'H,li_=l;,sin% ]._
.21I'/'N/.) h. v,

1 V
9[l[a,,--(ll.;_)"a.,o]----(I',, sin %)1"( -- l',,)

and tinldly in iorlns of

",,-7/ :' s,, ' "5.I -5<,a"o

a,, _--900i7. sin 7.77 1--_ (Cs)

This _ ('('l,]('rlililtii is li lllllXiliilllli wh('li

}7 °

2 (co)

lln(l lh(, vilhl(, of tills nilixiinuin (t('('('h'rlltioll is

(a,,) ....._ -- 225 77,,(77,,sill %)

(<z,,)..... _:_.o:_ (-7°) (C 10)

wh(T(' 7° is sniltll lind is giv('n in (h,groi,s.

Sin('e a. is (h, lhio(I, the vllrilllion in lingI(, of

illta('l_ is giv(,n by writing (.qulllion (Bg) ill Ill(,

fol'lll

1

c,,s a ('(is T--sin a sill 7=<7;£ (1--7 _ ('os 27)

l/v virlu(, of Ill(! ltssuinl)lioli lhnl ('os ")'=sill a= l,

this ('qilalioli ('all ])o al)pl'Oiillilll(,[I vciili

L !
cos a_D _ sin 7+_

(1 (('1 l)

or lls i_ fun('lion of 7) only

L 1"7<,Sill %
c os a = [) .-_ - -5 90(1(_7. sin %,)_7

(C12)

Th( aliilmh, h is given I)v e(tulllion (Bll) in

l(,i'nis (if known hiilhli ('()ll(iili()il h<,, )1., nn(I lhne.

Thn(, is rellll(,d 1o _ tiv inlegrlllhig lli(, lll)])roxi-

lllii l(' 'xl)r('ssion

t_|hus

,. _ (.).q _--a. _900tuo sin 7,,)7/ 1--_7<i

J _gr _7,, j'_. <57dt

_i)(/0:/07;-sln T,,) ;;,, u07,,-_7)
vi('hls

0.9 _7,,(_:,,--_,, _)
At: :t,,--t,< '--',to sin 70 log, 5, -707o__,; 7 (C13)

Tll( in(!i'oln(,nllll (!hlilil_(, in rlinl.r,e is giv(,n t)y

VT. _7_57("As_ 1 ['t,, i'd, .....A \ry_7".,t. _ . _ --a,,

Sul)stiluting (,(liilitioli ('('8) for a. tln(t int(,grii|ing
vMd

(,A,,') l%log,:U<'--u"-I (CI4)A r- _900 sin - u.--u,_
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Some of tit(, (h,du('lions and ('omnl(,nts of tilt,

text arc more ('h,arly i.<li('ate(I by lh(, foregoing

approximations. For example, lhe ,Icdu('tions
that, for a constant rat(, of d(,s('(,ni, the v(,h)(.itv

a! maximum (h,c(,h,ralion is imh,1)c.denl of ( ' ] ] 1 ['5 ¢

angle and that lh(, solutions are i|.hq)(,mh,nt of
W/(_.S and d(,nsity, ('x('(,p! for the alt il u(h,-velo('it y

r(,lationshil), are s(,(m in t t.,se solulions.

All t lm foregoing (,quations may b(, (leriv(,d in

the nondim(,nsiomd form of r(,fer(,l,(:(, '2. (For COil-

shlm-d(,(wh,ralioll trajeclories Z= ),()_and for ('ou-

stant-rat(,-of-desccnt 1,'aj(,ctories Z----3(l-fio sin ,po

1--7/" _ In the notation of reference '_ the/

horizontal compo|wnl_ of (h,('(,h,raliou is given
th(,r('in as

cos _p

1 _ u V ('os 7

where _I-! of this pap(w, u_ , =_ is the
a 9r -_9r

no|.limensiom-d horizont,fl cOral)Orient, o[' v(,h)('il.v,

¢-="r of this pal)(,r, and tim fum.tio. Z (in h,r,ns
of lhe nolation of this paper) is

( _FPe _-- " h 11 " "

Z=- _ _qlle ' I, smacos
2II/S '

=--_'9 Ii a,iy sin _ ('os -y

For sill _ ('os "y--l,

which is the reason tim resulls for the ('onstant-

de('(,h,ration traj(,('lori(,s are the same in (,ither

system of roor(limttes as lo.g as Ih(, asSUml)lions
a,'(, valid.
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